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Abstract 
This work concentrates on investigating the combustion and emission characteristics of 
diesel engine running on butanol-diesel blends. The blending ratio of butanol to diesel was 
varied from 0 to 40 vol% using an increment of 10 vol%, and each blend was tested on a 2.7 
L V6 common rail direction injection diesel engine equipped with an EGR system. The test 
was carried out under two engine loads at a constant engine speed, using various 
combinations of EGR ratios and injection timings.  
Test results indicate that butanol addition to engine fuel is able to substantially decrease 
soot emission from raw exhaust gas, while the change in NOx emissions varies depending on 
the butanol content and engine operating conditions. Increasing EGR ratio and retarding 
injection timing are effective approaches to reduce NOx emissions from combustion of 
butanol-diesel blends. But the engine control strategies need to be optimized in order to 
achieve low levels of both soot and NOx emissions, as well as a reasonable fuel economy. 
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Chapter 1 
Introduction 
Butanol has recently drawn much research attention as an alternative fuel that has the 
potential of being utilized in internal combustion engines. The main advantages of butanol 
include its higher energy density compared to other alcohols, good intersolubility with both 
gasoline and diesel, proper viscosity for high pressure pumping systems, less ignition 
problems, and easy distribution through existing pipelines. Therefore, butanol is considered a 
promising candidate for mixing with or substituting conventional petroleum fuels used in 
engines. Nevertheless, it entails an in-depth understanding of how butanol can affect the 
combustion and emission characteristics of IC engines before it can be more widely used as 
an engine fuel.  
 This work aims at investigating the influence of butanol addition to diesel fuel on the 
combustion, performance, and emission characteristics of a conventional diesel engine. As an 
oxygenated fuel, butanol has a great potential for reducing carbon monoxide (CO) and soot 
emissions from diesel engines. At the same time, engine control strategies can be optimized 
for the use of butanol-diesel blends to achieve an acceptable level of nitrogen oxides (NOx) 
as well as good fuel economy. With this in mind, experimental study has been carried out to 
test the mixtures of butanol and diesel on a common rail direct injection diesel engine under a 
variety of operating conditions and control strategies. Results from these tests are analyzed 
and compared to offer better insight on the effect of butanol content on diesel engine 
combustion and emissions, as well as on selecting proper control strategies for diesel engines 
fueled with butanol-diesel blends.  
2 
 
 The remainder of this article is organized in the following order. First, a literature review 
is provided with respect to diesel engine combustion, emissions from IC engines, and butanol 
as a biofuel. Next, the experimental methodology is presented, in which an introduction of 
the test facilities is provided. The following results and discussion section describes in detail 
the studied fuels and test conditions, presents all results from these tests, and offers 
discussion of the results in different aspects. Finally, conclusions from this work are 
presented and possible future work directions are suggested.  
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Chapter 2 
Literature Review 
2.1  Conventional diesel combustion 
Since the primary focus of this work is on the combustion and emission characteristics of 
diesel engine, an understanding of the fundamentals of conventional diesel combustion is 
necessary. Direct injection diesel engine is of particular interest in this section because it is 
most prevalently used technology in recent years and it is related to the test facilities in this 
work.  
 The basic operation principles of a compression ignition engine is described as the 
following. A typical operating cycle consists of four strokes—intake, compression, expansion, 
and exhaust. Fresh air is inducted into the cylinder in the intake stroke and is compressed by 
the piston to an elevated temperature and pressure in the compression stroke. Fuel is injected 
directly into the cylinder when the piston approaches the top dead center (TDC). The liquid 
fuel partially atomizes and vaporizes due to the high temperature and pressure environment 
created by compression, then it self-ignites at where local equivalence ratio allows 
combustion. The piston is pushed downward as the combustion proceeds, generating work in 
the expansion stroke. At the end of the cycle the combustion products are flushed out of the 
cylinder by the piston during the exhaust stroke. 
 The combustion process of the fuel is important and is mostly emphasized in engine 
related research. For conventional metal engine test, cylinder pressure information obtained 
from in-cylinder pressure transducers is used to calculate the apparent heat release rate, which 
sheds light on the general combustion phases. The diagram in Figure 2.1 is showing a typical 
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heat release rate curve for a direct injection diesel engine [1]. Suggested by the diagram, there 
are four phases in the conventional diesel combustion process. The first phase is the interval 
between the start of ignition (SOI) and the start of combustion (SOC), named the ignition 
delay period. This period is of great importance to contemporary engine combustion research 
because the length and environment of ignition delay have a direct impact on fuel atomization 
and vaporization, which in turn significantly influence the subsequent combustion phases. 
The second phase is known as the premixed combustion phase, characterized by an abrupt 
increase in heat release rate, showing a narrow and sharp curve on the diagram. Following 
premixed combustion is the mixing controlled, or diffusion combustion phase, the third phase. 
Heat release rate in this phase is determined by the speed of diffusion flame propagation, 
which is controlled by local equivalence ratios. The last phase of conventional diesel 
combustion is the late combustion phase, where small portion of fuel continues to burn 
during the expansion stroke. Heat release rate in this phase reduces greatly due to slowed 
reaction rate and lowered temperature. 
Although heat release analysis enables a basic understanding about the combustion 
process, further details of combustion are not obtainable without more advanced optical 
techniques. Investigations using laser imaging diagnostics have provided better insight on the 
conventional diesel combustion process. The schematic showing in Figure 2.2 is a conceptual 
model developed by John Dec in 1997 that summarizes the basic diesel combustion profile [2, 
3]. Seen on the schematic, the liquid fuel jet vaporizes at its periphery and forms a rich 
fuel-air mixture of about  = 4, where auto-ignition of the fuel first takes place. The soot 
precursor poly-cyclic aromatic hydrocarbon initially forms in this rich premixed combustion 
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region. Meanwhile, at the periphery of the fuel jet between the premixed combustion zone 
and the surrounding air diffusion or mixing-controlled combustions occurs. The high 
temperature generated by this near stoichiometric diffusion flame leads to the thermal NO 
formation. At the end of the premixed combustion, mixing-controlled combustion becomes 
dominant. The jet assumes a fully developed structure at this point and the combustion 
reaches a quasi-steady state. The main soot formation zone lies in the diffusion flame, as 
indicated in Figure 2.2. The generated soot are partially oxidized within the cylinder and only 
a fraction of it is emitted in the exhaust.  
 
2.2  Overview on CI engine emissions 
Since exhaust gas from internal combustion engines accounts for a primary cause of air 
pollution, regulations on engine emission levels becomes increasingly stringent. Progress in 
emissions-reducing technologies entails an insightful understanding of the pollutants 
formation mechanisms.   
For compression ignition engines, gaseous pollutants mainly include nitrogen oxides 
(NOx), carbon monoxide (CO), and unburnt hydrocarbon (UHC). NOx is mainly generated 
through the chemical reaction of nitrogen and oxygen from the air at high temperature; 
uneven distribution of air-fuel mixture leads to incomplete combustion of hydrocarbon 
compound, which facilitates CO formation; and UHC is produced due to over-lean or 
over-rich air-fuel mixture. It should be noted that for compression ignition engines the CO 
and UHC emissions are generally small because they operate at overall fuel-lean conditions. 
Soot is a solid phase emission that is typical for diesel engines, which is considered to be 
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influenced by spray patterns, combustion chamber geometry, air motion, pressure, etc [4]. In 
addition, CO2 is also considered an emission that contributes to the global warming.  
 Among the aforementioned emissions from diesel engines, NOx and soot are the most 
important and therefore are most extensively studied.  
 Nitric oxide (NO) and nitrogen dioxide are collectively known as the NOx, but NO is the 
primary emission directly from combustion sources. There are three major mechanisms for 
NOx formation in combustion processes, including thermal NOx (Zeldovich mechanism), 
prompt NOx, and oxidation of nitrogen containing organic compounds in fossil fuels. The 
thermal NOx mechanism accounts for more than 99% of the NOx formation in conventional 
diesel engines, it is therefore described in further detail in this section. In 1946, Russian 
physicist Yakov Borisovich Zeldovich for the first time discovered the chemical mechanism 
for NOx production in flames, which is now known as the Zeldovich mechanism and is 
considered as the very fundamental model for NO description and prediction [5]. It is based 
on three assumptions. First, the source of NO is atmospheric nitrogen; second, the fuel 
oxidation reactions are faster than the NO production reactions so that the formation reactions 
are decoupled; and third, NO molecules account for the major part of NOx generated from 
the combustion process, and prediction of all NOx production is based on the NO molecule. 
With these hypotheses, Zeldovich suggested it is through the following chain reaction that 
NO is produced: 
           
           
This mechanism indicates that the typical flame radical O is capable of breaking the strong 
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chemical bond of the N2 molecule, which has a dissociation energy of 941 kJ per mole. The 
first reaction above describes a N2 molecule being ruptured by the O radical, and this is the 
commonly accepted step that determines the rate of NO formation in post-flame gases. 
Fenimore and Jones [6] extended the Zeldovich mechanism by introducing a third reaction: 
           
It is suggested that in rich flames this reaction may have a more significant influence on the 
formation of NO than does the second reaction in the original model. In other words, NO is 
generated through the reaction of N and OH radicals instead of the reaction of an O radical 
attacking a N2 molecule. But both cases are suggesting that two NO molecules can be 
produced from one nitrogen molecule that is attacked and ruptured by the O radical. It has 
been concluded that the rate of NO production is importantly influenced by temperature, 
which on a large scale determines the equilibrium constant of the chemical reactions. The 
concentration of the oxygen radical O, which provides the initial breaking up energy, also 
plays an important role. The NO formation rate, however, is independent of fuel type. 
 The formation mechanism of soot in diesel combustion is rather complicated. Kennedy 
provided a detailed background for soot formation and oxidation in [7]. Soot in reality is 
mostly carbon produced from pyrolysis or combustion of hydrocarbon fuels. Soot production 
is initialized by the formation of aromatic species, which in turn grow to form larger 
polyaromatic hydrocarbons (PAH)—a precursor of soot particles. Chemical kinetics are 
important to soot formation and are involved in almost all of the stages from inception 
through surface growth to oxidation. The threshold stage of soot formation is particle 
inception. It is reported in some studies that at low sooting levels, the soot formation rate is 
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directly proportional to the inception rate, while the proportionality disappears as the soot 
mass fraction increases. Even though soot production is in nature a chemically controlled 
process, thermodynamics plays a role in affecting the rates of initiation and growth. In this 
sense, PAH prediction relies on the selected thermodynamics to a great extent. Unlike those 
less stable species that might decompose and remain in equilibrium with lower weight 
molecules, the PAH is not subject to decomposition and is inclined to grow towards larger 
species. A number of experimental and modeling studies have indicated that PAH is crucial to 
soot formation [8]. There are two pathways following the particle inception step contributing 
to soot particle growth—collisional coagulation and surface growth. Collisional coagulation 
is in fact a physical process. Small particles collide with one another and coalesce to form 
larger spheroids, which are in turn retained in long chains with a fractal like geometry 
through the process of agglomeration. There still remain difficulties in determining the rates 
of coagulation, especially in transition regime. Coupled with coagulation is surface growth, 
which is inherently a chemical process. On the surface of soot particles some gas phase 
species are formed due to chemical reactions with active sites. Acetylene is generally 
considered as the major growth species, while PAHs may have some minor effects. There 
have been different views on the rate of growth, some arguing that the surface area of the soot 
aerosol is the main determinant, others pointing out that active sites also play an important 
role. Soot particle oxidation is principally incurred by the attack of molecular oxygen and OH 
radicals [9]. Some other species like the O radical, carbon dioxide and water molecules are 
important under some conditions. It should be mentioned that uncertainties exist in both soot 
modeling and soot measurements in experiments. Soot particles emitted from engines are 
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generally in an agglomerated form, whose morphology appears to be significant in the 
prediction of soot formation. 
 
2.3  Low temperature combustion 
 Although compression ignition engines are highly fuel-efficient due to the absence of 
throttling losses and relatively high compression ratios, they generally produce higher levels 
of NOx and soot emissions. In recent years, development in CI engine technologies has 
enabled substantial reduction in both emissions through improved injection systems, exhaust 
gas recirculation (EGR), better designed piston bowl geometries, and improved cylinder flow 
profiles [10]. However, in order to meet the increasingly stringent emission standards, more 
advanced combustion mode needs to be studied and introduced in future CI engines in the 
market.  
 With respect to combustion mode, emphasis has been put on dilute premixed combustion 
or partially premixed combustion, which are thought to have lower combustion temperatures 
and lead to decreased NOx and soot emissions. The  - temperature diagram in Figure 2.3 [11] 
demonstrates the combinations of equivalence ratio and temperature that form different 
combustion regions. It can be seen that for conventional diesel combustion, the adiabatic 
flame temperature curve goes through both the NOx and soot formation regions. Recall from 
Figure 2.2, the diesel fuel and air start reaction in a rich mixture at the equivalence ratio of 
about 4, and then the combustion continues into a high temperature stoichiometric diffusion 
flame [10]. It is apparent that NOx and soot levels are relatively high in these combustion 
zones. However, in the homogeneous charge compression ignition (HCCI) and low 
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temperature combustion (LTC) regions, the combinations of equivalence ratio and 
temperature fall out of the NOx and soot formation land, which is desirable for real engine 
operation. An overview of HCCI and LTC will be provided in the following paragraphs.  
 In HCCI combustion, as its name suggest, the fuel is fully premixed with air before being 
ignited through compression [12]. The fuel-air mixture has to be diluted either by excessive 
intake air (less than 0.45) or high level of recirculated exhaust gas [13]. As a result, the 
combustion temperature is low and this leads to substantially reduced NOx emissions. Also, 
the charge is sufficiently mixed so that the soot formation region can be avoided. It has been 
reported that the thermal efficiency of HCCI is comparable to that of conventional diesel 
combustion [14]. It has been summarized in [10] that there are four main technical obstacles 
preventing the widespread use of HCCI on practical engines. First, low-load combustion 
efficiency needs to be improved. Because of the heavy dilution required in the HCCI 
combustion mode, at low load conditions the fuel-air mixture would be too lean (or EGR 
level would be too high) to maintain a stable flame, which inherently hurts combustion 
efficiency. One feasible solution to this problem involves charge stratification, which entails 
sufficiently late fuel injection to enable locally richer mixture, leading to higher temperature 
regions in combustion and thus improving combustion efficiency [15]. Second, the operating 
range needs to be extended to higher load conditions. Engine knocking is a problem for HCCI 
mode combustion at high loads due to an abrupt increase in the pressure rise rate. It is found 
that the maximum pressure rise rate is controlled by the extent of thermal stratification [16], 
which prevents simultaneous combustion in all parts of the chamber. Therefore, emphasis has 
been placed on increasing thermal stratification and retarding combustion phasing [17] to 
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extend the HCCI operating range. The remaining two obstacles include detailed 
understanding about fuel-composition effects and control of combustion phasing under 
different speed and load combinations.  
 For diesel fuel, HCCI combustion is not easily obtainable because of its high tendency of 
auto-ignition (high cetane number) and its low volatility. Therefore, it follows another 
direction to achieve HCCI-like combustion, normally referred as low temperature combustion 
(LTC). Port fuel injection was firstly proposed as an approach to provide well premixed 
mixture [18]. In order to prevent liquid fuel accumulation in the intake system, high 
temperature intake heating is necessary, which, however, can lead to potential engine 
knocking unless the compression ratio is reduced to an appropriate value. The compromised 
fuel efficiency resulting from decreased compression ratio constitutes limitation of the port 
fuel injection approach. Later works focused more on LTC of direct injection diesel engine. 
Techniques applied to reach low temperature combustion conditions generally include 
coupling dilution of mixture with earlier than usually or near top dead center (TDC) injection 
timings.  
 The advantage of earlier than usually injection resides in the higher in-cylinder 
temperature and density environment for fuel injection, which promotes liquid jet 
vaporization and facilitates fuel-air mixing. The mixing quality on a large scale relies on fuel 
injector designs and the corresponding spray patterns. For early injection conditions, a softer 
and more disperse spray is desirable at low or medium loads, providing good mixing while 
preventing wall wetting [19]. At higher loads, however, steep and narrow-angled spray is 
needed to overcome the liquid impingement problem on cylinder walls when a large amount 
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of fuel is injected [20]. In this sense, injection systems featuring dual injection schemes 
become desirable, and the Toyota ―UNIBUS‖ system is an example [21]. With improved 
injector designs, good fuel-air mixing is possible even in reduced time. However, the easily 
self-igniting nature of diesel fuel is very likely to cause knocking when early injection 
strategy is used. As a result, high level of EGR is applied in almost all cases to dilute mixture 
and slow down auto-ignition [22]. In addition, techniques such as late intake valve closing are 
used to reduce the effective compression ratio, thereby minimizing engine knocking [23]. 
Despite these efforts, achieving desirable combustion phasing over a wide range of speed and 
load conditions remains challenging for the earlier than usual injection scheme.  
 Another way of reaching diesel LTC involves near TDC injection. The advantage of this 
approach lies in the fact that combustion and injection event are closely coupled, which 
enables independent control of combustion phasing [24]. Typically, for injections near top 
dead center, ignition delay needs to be extended for the purpose of providing longer time for 
fuel-air mixing. Among the variety of techniques to extend ignition delay, retarded injection 
is found effective. It allows jet mixing to take place in the early expansion stroke, thereby 
slowing the auto-ignition process. At the same time, high rate of recirculated exhaust gas is 
applied in order to dilute mixture and bring down the combustion temperature, thus avoiding 
the high NOx region on the  – temperature diagram. This strategy of coupling high EGR rate 
with late injection timing was first introduced under the name of MK combustion [25]. The 
increased premixing due to extended ignition delay serves to reduce soot emissions, but the 
EGR effect on total soot level is more complicated [26]. At moderate EGR rate, soot is seen a 
significant increase when compared to zero EGR cases, due in large part to a reduced soot 
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oxidation rate which is attributable to decreased oxygen concentration and lowered 
combustion temperature [27]. Further increase in EGR rate, however, is found to reduce soot 
emissions because combustion temperature is reduced to the point where soot formation rate 
is retarded to a greater extent than soot oxidation rate [28]. However, it should be noted that 
there is only a narrow operating window between lowered soot and substantially dropped fuel 
economy. It is also reported that heavy EGR is usually associated with higher than normal 
level of CO and UHC emissions [29].  
 
2.4  Butanol as a biofuel 
 The limited availability of fossil fuels has placed a stark challenge for human beings and 
has urged extensive effort to look for and develop alternative engery sources. Biofuels, 
derived from biomass, nowadays are receiving wide attention, as they are considered as an 
important part of the future energy chart. The advantages of biofuels lie in their renewability, 
clean burning, carbon neutrality, etc. [30]. According to the world energy statistics [31], in 
2007 fossil fuels accounted for more than 80% of the world’s total energy supply, and 
renewable energy sources covered 9.8%, among which only less than one third was used in 
industrial applications such as power generation, heating, road transportation, etc.. In fact, 
biofuels covered only about 2% of the energy supply for global transportation. In this sense, 
there is a large potential for biofuels to substitute fossil fuels as an important energy source. 
Governments are actively supporting research and development in the field of biofuels, and 
many countries are promoting the use of biofuels through regulations. In the United States, 
the Environment Protection Agency (EPA) renewable fuel standard version 2 requires that 36 
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billion gallons of biofuels should be available in the US market by 2022 [32]. And the 
European Union targets a 10% of the energy in the transportation sector coming from 
biofuels by 2020 [33].  
 One widely used biofuel is biodiesel, which is defined as mono-alkyl esters of long chain 
fatty acids obtained from renewable feedstock [34]. The clean burning characteristics, 
compatibility with existing diesel engines, and relatively high production rate make biodiesel 
a promising candidate that has the potential to replace conventional diesel fuel in the future. 
Biodiesel related research is abundant and therefore its production, fuel properties, and 
combustion and emission characteristics have been well studied. Another category of popular 
biofuel involves bioalcohols, among which ethanol is most widely used. Ethanol is produced 
from alcoholic fermentation of sugar from a variety of biomass based feedstock, including 
sugar beets, sugar cane, com, sweet sorghum, etc. [35]. Though having many advantages, 
ethanol has some drawbacks that limit its use on a larger scale. It is found to be corrosive to 
the existing transportation pipelines [35], creating difficulties for its distribution. Also, the 
low flash point and high volatility of ethanol lead to potential danger in its use as a fuel.  
 Butanol, a four carbon alcohol produced from fermentation of renewable feedstock, is a 
competitive candidate to be used in engines due to many of its advantages. Butanol has 
relatively high energy density, comparable cetane number with diesel fuel, sufficient lubricity 
for sensitive fuel pumping systems, lower volatility than ethanol, and good miscibility with 
both gasoline and diesel fuel. Moreover, it has higher oxygen content than biodiesel [36], 
leading to further reduction of soot in diesel engines. Also, the relatively high heat of 
evaporation of butanol has a potential to decrease the combustion temperature, which could 
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result in a lower level of NOx emissions. Currently, the main disadvantage limiting 
widespread use of butanol is its low production rate.  
 
2.4.1  Fuel properties 
Butanol is a four carbon alcohol that assumes a straight-chain or branched structure, of 
which the location of hydroxyl group (-OH) determines its different isomers. Though the 
physical properties of butanol isomers vary depending on their different structures, their 
major applications appear to be similar [37]. Among the butanol isomers, normal butanol 
(expressed as n-butanol or 1-butanol), which has a straight chain structure with the -OH at a 
terminal carbon, is most commonly used and it receives much research attention because 
biomass based butanol usually assumes this structure. For simplicity, normal butanol will be 
denoted as ―butanol‖ in the rest part of this work.  
 The physical and chemical properties of gasoline, diesel, methanol, ethanol, and 
n-butanol are compared in Table 2.1 [38, 39]. As can be seen from the table, butanol has 
many advantages over ethanol or methanol as an alternative fuel for engines. First, butanol 
has a higher cetane number and a lower auto-ignition temperature than the other two alcohols. 
Also, the heat of vaporization of butanol is about half less than that of ethanol. Both result in 
better ignition at cold start or low load conditions. Second, because the lower heating value of 
alcohols increases with the increase of carbon atoms in their molecular structures, the four 
carbon butanol has a higher energy density than the two carbon ethanol, leading to a better 
fuel economy when used in engines. Third, the saturation pressure of alcohols decreases with 
the increase of carbon atoms, meaning that butanol has a lower volatility when compared to 
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methanol or ethanol, which makes it less likely to cause cavitation or vapor lock problems in 
fuel supply systems. Fourth, butanol has good intersolubility with conventional fossil fuels. 
Particularly, it can be blended with diesel at any volume ratio without cosolvents (alcohol 
molecules contain alkyl and hydroxyl, and the intersolubility of alcohols and diesel increases 
with the length of carbon chains). Fifth, the relatively high flash point makes butanol a safer 
fuel when compared to ethanol. Sixth, since the viscosity of alcohols increases with the 
increase of carbon atoms in their molecules, the kinematic viscosity of butanol is high due to 
its four carbon structure. This results in good lubricity of the fuel, which is desirable in 
sensitive fuel pump systems in diesel engines. Lastly, butanol is more tolerant to water 
contamination and is less corrosive to current fuel pipelines than ethanol, which makes great 
convenience for its storage and distribution.   
 
2.4.2  Production of butanol 
Production of butanol started out in 1912~1916 through ABE (Acetone, Butanol, Ethanol) 
fermentation [40, 41]. Figure 2.4 is a diagram demonstrating the pathways of ABE 
fermentation [42]. As can be read from the diagram, ABE fermentation gives three categories 
of products: gases (hydrogen and carbon dioxide), organic acids (lactic acid, acetic acid, and 
butyric acid), and solvents (acetone, butanol, and ethanol). Since the 1950’s production of 
butanol through petrochemicals began to dominate because of significantly dropped price of 
petrochemicals. Nowadays, however, industries are reexamining ABE fermentation due to the 
pollution problem related to petro-butanol production and the drive to develop alternative 
fuels from biomass.  
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Butanol based on biomass is produced as a solvent by some clostridia, which are 
rod-shaped, spore-forming, anaerobic bacteria [43]. Typically, a two-phase fermentation 
features the solvent production process of clostridia. The first phase of this fermentation is 
the acid-producing phase, products of which mainly include carbon dioxide, hydrogen, 
butyrate, and acetate. The second phase is the solvent-producing phase, producing acetone, 
butanol, and ethanol through re-assimilation of acids. It is the sudden change in gene 
expression pattern that accounts for the transition from the first phase to the second phase. It 
is found that iron is an important mineral supplement, and the pH value of the medium has 
significant influence on the two-phase fermentation [44]. According to an economic analysis 
in [45], the price of butanol production on a large scale depends on the price of fermentation 
substrates. Currently there are quite a number of researches focusing on finding and 
investigating low-priced substrates, such as soy molasses[46], whey permeate [47], com fiber 
hydrolysate [48], waste from fruit processing industry [49], starch based packaging materials 
[49], etc..  
One critical issue limiting the butanol production rate through ABE fermentation 
involves solvent toxicity. In ABE fermentation, acetone, butanol, and ethanol are all produced 
as solvents. It is found that the cellular metabolism of clostridia ceases when 20 g/L or more 
solvents are present [50]. Especially, butanol is most toxic to clostridia cells among the three 
solvents because it disrupts phospholipid on cell membrane and leads to increased membrane 
fluidity [51]. Therefore, the production rate of butanol through ABE fermentation is limited 
by this low allowable solvent concentration.  
Nevertheless, recent development in genetic and metabolic engineering makes possible 
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the construction of non-native organisms for butanol production that yields significantly 
improved production rate. By means of genetic modification, bacteria’s tolerance to solvents 
can be enhanced. E.coli and S. cerevisiae are two examples of successful hosts for industrial 
butanol production [52, 53].  
 
2.4.3  Fundamental combustion and application in internal combustion engines 
Researchers have found two general pathways of butanol consumption during 
combustion—H-atom abstraction and unimolecular dissociation—through fundamental 
combustion experiments. Differences in experimental setups result in different dominating 
pathways. For experiments carried out in shock tubes and jet stirred reactors, H-atom 
abstraction is dominant because premixed burning in these reactors allows rapid formation of 
radicals [54, 55]. On the other hand, in high temperature diffusion flames, unimolecular 
dissociation becomes dominant because the high energy released from reactions is capable of 
breaking the C3H7–CH2OH bond to produce n-propyl and hydroxymethyl radicals [56, 57].  
Since butanol is found a suitable substitute for gasoline in spark ignition engines due to 
many of its advantages, various studies have been carried out on combustion and emission 
characteristics of gas engines running on butanol-gasoline blends. Wallner et al. [58] 
compared the effect of 10% ethanol (E10) and 10% butanol (Bu10) blended in gasoline on 
the performance and emissions of a direct injection spark ignition engine. The engine was 
operated at various speeds ranging from 1000 to 4000 rpm and a steady increased load from 
idling to 150 Nm. Combustion dynamics showed that the Bu10 fuel burned faster than the 
E10, but not much difference in cycle to cycle variation was observed. Also, knocking 
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tendency for Bu10 was higher at high load. The brake specific fuel consumption (BSFC) was 
seen slightly increased for both blends (3.4% for Bu10 and 4.2% for E10) when compared to 
neat gasoline, due to their relatively lower energy density. While the brake thermal efficiency 
remained at almost the same level. Emission results illustrated that Bu10 had lowest NOx 
emissions, while CO and HC emissions were at similar level. Yang et al. [59] investigated 
butanol-diesel blends with blending ratios of 10% to 35% in a gasoline engine. They found 
the engine power and fuel economy could be maintained until the blending ratio was higher 
than 20%. All blends were found effective in reducing raw HC and CO emissions, but NOx 
emissions turned out to be higher than pure gasoline. Other studies on butanol application in 
SI engines are available in [60-63].  
Some common conclusions can be made from studies on butanol application in SI 
engines. Butanol blends typically burn faster than pure gasoline so that the spark advance 
should be reduced to achieve maximum brake torque (MBT) condition. No obvious drop in 
engine power can be detected when blending ratios are low (less than 20%). Regulated 
emissions such as NOx, CO, and HC either increase or decrease with the blends depending 
on different engines being tested and the corresponding operating conditions.  
Butanol also finds application in compression ignition engines. As has been described in 
the fuel properties section, the good miscibility of butanol with diesel allows any ratio of 
blending without cosolvents. Moreover, kinematic viscosity of butanol is comparable to that 
of diesel so that it serves well to lubricate the fuel pumping system in diesel engines. Butanol 
has a lower cetane number when compared to diesel, which is limit but is desirable in some 
cases when ignition delay needs to be extended in order to achieve premixed dominated 
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combustion. There are a number of researches studying performance and emissions of diesel 
engines running on butanol and its blends. Yao et al. [64] fueled a heavy duty direct injection 
engine in their laboratory with butanol-diesel blends of different butanol content (0%, 5%, 
10%, and 15%). The engine was equipped with a water cooled EGR system and was capable 
of different injection strategies. While the engine speed was held constant at 1849 rpm and 
load at 11.6 bar bmep, EGR ratio was adjusted across different operating conditions to keep 
NOx emissions at 2.0 g/kWh. Their heat release analysis illustrated that blends with higher 
butanol content gave more premixed combustion at same operating conditions, though 
in-cylinder pressure traces did not show much difference. CO and soot emissions were seen a 
greatly decreased with more butanol addition. Meanwhile, with the increase in butanol 
content, the EGR ratio required to keep NOx emissions at 2.0 g/kWh firstly decreased and 
then increased. But at similar EGR rate soot emission was found significantly reduced for 
blends with higher butanol percentage, which means there is a potential for reducing NOx 
emissions because higher rate of EGR could be applied without increasing the soot level. As 
to injection strategies, effects of pilot and post injections on combustion and emission 
characteristics were found the same on butanol-diesel blends as they were on pure diesel. It 
was reported that soot could be further reduced with early pilot injection, but CO was 
increased as a penalty; and post injection was effective in bringing down soot and CO 
simultaneously. Liu and Lee [65] studied the spray and combustion characteristics of neat 
butanol in a constant volume chamber that is capable of providing stable ambient temperature 
and oxygen concentration conditions, simulating the in-cylinder operation of diesel engines. 
It was found that lower oxygen concentration (corresponding to higher EGR rate in diesel 
21 
 
engine) led to extended ignition delay, but auto-ignition timing was barely affected when 
oxygen concentration was between 16% and 10.5% at 800-1000 K ambient temperature. 
Total soot mass was reported to be higher at lower oxygen concentration, but when ambient 
temperature was as low as 800 K no soot was detected because the resulting low combustion 
temperature and mixing conditions avoided soot formation region. More studies on diesel 
engine fueling with butanol-diesel blends are available in [66-68]. 
Some universal conclusions can be drawn from studies on butanol application in CI 
engines. Ignition delay is extended when butanol-diesel blends are used, and as a result 
premixed combustion assumes a higher peak on heat release rate diagrams. Slight increase in 
brake specific fuel consumption is observed for higher butanol content but lower exhaust 
temperature and higher thermal efficiency are measured. Butanol addition in diesel fuel is 
found very effective in reducing soot emission especially at high load conditions due to the 
relatively high oxygen content in butanol. NOx emissions can either increase or decrease 
depending on different experimental setups and different operating conditions, as there is a 
competition between reduced flame temperature because of more premixing and decreased 
lower heating value of butanol, and the enriched local oxygen concentration due to the fuel 
bond oxygen of butanol. Also, NOx can be potentially reduced because more EGR can be 
applied without dramatically increasing soot emission. Moreover, CO emission is found 
lower for all cases studied.  
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Chapter 3 
Experimental Metodology 
3.1  Ford Lion engine setup 
The internal combustion engine used in this study is a Ford Lion V6 direct injection 
diesel engine with a displacement volume of 2.7 litters. This engine is equipped with a 
common rail fuel injection system, a variable geometry turbocharger, and a high pressure 
water cooled exhaust gas recirculation (EGR) system. The Ford Lion engine is originally 
used in Land Rover Discover 3. Detailed engine specifications are provided in Table 3.1.  
The Ford Lion engine was set up on an engine test bench and was connected to an 
eddy-current dynamometer. The variable geometry turbocharger originally installed on the 
engine was disabled. Instead, for better control of the intake conditions, a compressed air 
system was used to provide dehydrated, heated, and pressurized air to the engine manifold. 
For proper functioning of the high pressure loop EGR system, a flow restriction valve was 
installed on the exhaust pipe to provide sufficient back pressure. For monitoring and 
measuring relevant properties of intake air, fuel, oil, and cooling water, various data 
acquisition devices such as thermal couples and pressure transducers were installed. An 
in-cylinder pressure transducer was installed in one cylinder in the place of its glow plug to 
capture the in-cylinder pressure traces during combustion, based on which the corresponding 
apparent heat release rate can be calculated through first law analysis. A LabVIEW program 
was developed to monitor these data acquisition devices and to control the engine pedal 
signal. A programmable electronic control module (ECM) was applied, through which a 
variety of engine operating parameters, including number of injections, injection timings, fuel 
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rail pressure, EGR valve position, etc., can be monitored and adjusted using the software 
coupled with the engine ECM—ETAS INCA. By default, the ECM operates according to its 
original specifications by Ford. The common rail fuel injection system is capable of 
delivering a maximum of 6 separate injections per  cylinder per cycle and providing an 
injection pressure of 220 bar to 1650 bar. Up to two pilot injections, two main injections, and 
two post injections can by triggered each cycle, but by default ECM settings only one pilot 
injection and one main injection are utilized, the interval between which is fixed. It should be 
advisable to consult Ford when research with more injections is to be carried out, because 
enabling additional injections is not as simple as populating the tables found in INCA. Also, 
though the pilot injection can be disabled for single injection studies, cycle to cycle variation 
tends to be large when single injection strategy is used. Emissions measurements are directly 
taken on the raw exhaust gas from the engine without going through any aftertreatment 
system. To facilitate operation of the engine in a research environment, a number of 
subsystems have been built, including air supply system, fuel supply system, cooling system, 
starting and motoring system, and data acquisition and control systems, as illustrated in 
Figure 3.1. Detailed description of these subsystems are provided below. Previous graduate 
students who worked on this setup, Mark Paul, Tien Mun Foong and Michael Leick, 
contributed largely to building the subsystems and setting up the engine. The following 
descriptions of subsystems and measurement devices are referred from Foong and Leick’s [69] 
and [70].  
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3.2  Air supply  
The variable geometry turbocharger (VGT) originally installed on the Ford Lion engine 
has been removed in favor of a pressurized and heated intake air system to allow for better 
control of the intake conditions. However, the VGT serves to provide sufficient backpressure 
or exhaust flow restriction to drive the flow of exhaust gases through the EGR coolers and 
into the intake manifold. When using pressurized intake air, and having the exhaust at 
atmospheric pressure, little or no exhaust will be recirculated to the intake manifold. 
Therefore, an adjustable flow restriction valve, instead, has been installed in the exhaust pipe 
to create adequate back pressure for the EGR system.  
 Figure 3.2 shows the schematic of the air supply and exhaust system for the Ford Lion 
engine setup. This system, previously built for the Direct-Injection Natural Gas (DING) 
engine in the 1990’s, is capable of supplying clean, dry intake air at a specified temperature 
and pressure with a maximum flow rate of 7.36 m
3
/min at standard conditions. The first 
component in the air supply system is an Ingersoll-rand SSR XF60 air compressor located in 
the lab bay area. The output pressure of the compressor fluctuates between 621 kPa and 689 
kPa, as the compressor is set to be turned on and shut off at these levels. From the compressor, 
the air supply is routed to the engine lab by way of 2‖ galvanized pipes. To minimize pressure 
fluctuations, a heavy-duty air line regulator was installed to regulate the pressure down to 345 
kPa. The intake pressure to the engine is finally controlled by a Valtek Mark 1 air pressure 
controller, which was modified to optimally supply an intake pressure ranging from 89 to 269 
kPa and a maximum intake mass flow rate of 7.36 m
3
/min at standard conditions. Pressure 
gauges installed both upstream and downstream enable estimation of the pressure drop across 
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the controller. An upstream brass ball valve is available to shut down the air supply if service 
is needed. A LabVIEW program has been developed to control the Valtek pressure regulator. 
This program first monitors the air pressure using a Setra 280E (0-250 psia) pressure 
transducer installed upstream of the engine intake manifold. The transducer has a piston-type 
snubber installed in order to reduce pressure pulsation. Using a proportional-integral (PI) 
control, the program then outputs a 4 to 20 mA signal to the controller depending on the 
required air pressure that the user sets. The controller is partially open at 4 mA signal and is 
widely open at 20 mA. For low speed and high EGR conditions, the intake flow rate 
demanded by the engine is possibly lower than the minimum flow rate through the pressure 
controller (4 mA signal). As a result, the intake pressure will rise and eventually even out at a 
value higher than desired. For this reason, cases of low speed and high EGR are typically run 
naturally-aspirated using atmospheric air from the test cell. 
 An Odgen ACK5A 9kW circulation heater is used to provide desired inlet temperature. 
An Omega SCR71Z-260, 60 A, 240 VAC single-phase power controller is coupled to the 
heater to provide the required amount of heating during engine operations. A PI control for 
the heating system is set up in the engine instrumentation LabVIEW program. A 
thermocouple mounted upstream of the engine intake manifold allows LabVIEW to monitor 
the intake air temperature, which then outputs a 4 to 20 mA signal to the heater controller. 
The silicon-controlled rectifier heater controller then switches the power to the heater on and 
off according to the output signal from LabVIEW. The power to the heater is turned off at 4 
mA signal, and is turned on all the time at 20 mA signal. For supply currents between 4 mA 
and 20 mA, the controller will turn the heater on for a certain number of cycles and then off 
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for a certain number of cycles, depending on its internal algorithms. The heater controller 
runs with zero voltage switching to allow for low noise operation. More detailed description 
about the LabVIEW controls of the controller and the heater will be available in the Data 
Acquisition and Control section. After the heater, the compressed and heated air enters a 
Hankinson 1-micron air line filter (Model T850-24-5 G) where water, oil, and oil/water 
emulsions are removed. The air supply is routed to the intake manifold of the engine using 
flexible couplers and PVC pipe from there. 
 Exhaust gas coming from the manifolds is routed through braided steel flexible couplers 
that isolate engine vibrations from the exhaust pipe. These come together into a 2‖ iron pipe, 
where a ball valve is installed to allow restriction of the exhaust flow. A turnbuckle connected 
to the valve handle enables fine adjustment of the valve and prevents unexpected change in 
its position. The exhaust gas then flows through another section of 2‖ iron pipe, a section of 3‖ 
iron pipe, and a muffler (Model Maxim M51 Silencer) hanging from the ceiling of the engine 
lab. Then, the exhaust gas flows through a final section of iron pipe before exiting the 
building through a stack on the roof. A J-type thermocouple was installed at the outlet of the 
left exhaust manifold of the engine to monitor the exhaust temperature. Ports for exhaust gas 
compositions analysis are available in the section of iron pipe near the engine, where the 
sampling points for the exhaust gas analyzer and soot measurement system, as well as the 
sensor head for the non-sampling type NOx analyzer are located.  
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3.3  Fuel supply 
The fuel supply system consists of a fuel pump, a fuel filter, and a radiator.  Previous 
studied completed on this setup involved biodiesel, which is known to be incompatible with 
certain materials such as rubber and brass. Since a long-term usage of incompatible materials 
will result in material degradation or corrosion, the fuel supply system was built to be 
biodiesel compatible through careful selection of lines and fittings. Compatibility becomes 
less of an issue when butanol is blended with diesel as a fuel to run on the engine. A 
schematic of the fuel supply system is shown in Figure 3.3. 
The 5-gallon fuel tank is from Summit (part number SUM-290101) and is made of 
biodiesel compatible material. The fuel lines are 3/8‖ in size and are made of nylon, while the 
fittings are all metal. Fuel is first drawn from the tank by an in-line 12 VDC transfer pump, 
which is capable of delivering up to 125 psi of fuel pressure. The fuel pressure maintains at 
40 to 50 psig under normal conditions. The fuel then enters the radiator, which is a small 
3-pass fluid cooler made by Flex-a-lite (part number FLX-4116). Since fuel temperature 
increases when being compressed in the high pressure pump, the radiator serves to reduce 
temperature of the returning fuel to the fuel tank. From the radiator, the fuel goes through a 
Caterpillar 1R-0751 High Efficiency Fuel Filter to keep contaminants out of the sensitive 
high pressure pump. The fuel filter is positioned for ease of service on the engine test cell. 
The transfer pump sends the fuel to the engine-driven high pressure pump, where a rail 
pressure up to 1650 bar can be generated to pressurize the fuel before it is injected into the 
cylinder. A portion of the fuel is utilized by the engine, while the remainder flows back to the 
tank.  
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3.4  Coolant 
The schematic in Figure 3.4 shows the coolant system of the Ford Lion engine test cell. It 
is a closed loop system that circulates coolant through the engine at a volumetric flow rate of 
114 L/min. The coolant is a mixture of water and Caterpillar 3P-2044 supplemental coolant 
additive, which inhibits rust and corrosion, and prevents scale deposits. Coolant is stored in a 
vessel measuring 31 cm in diameter and 64 cm in height.  
A centrifugal pump from Price Pump Company (part number EC E100B) is used to 
circulate coolant within the closed loop, which provides an outlet pressure of 207 kPa and a 
corresponding flow rate of 114 L/min. In order to prevent air from entering the pump and to 
deal with suction lift problems, the pump is placed below the coolant level of the vessel. A 0 
to 60 psig gage is installed at the outlet of the pump. From the pump, the coolant enters a 
single-pass shell-and-tube heat exchanger from Young Radiator Company (part number 
F-320-EY-1P) for cooling purpose. Engine coolant flows on the tube side, while building 
water flows on the shell side to lower the temperature of the flow. Coolant temperature can be 
maintained at a constant level through a pneumatic temperature control system that 
automatically adjusts flow rate of the building water. The coolant then flows from the heat 
exchanger to the engine through copper and steel pipes. With the original setup, the coolant 
would first flow through the engine block, including various coolant passages and a heat 
exchanger for engine oil cooling. Then, a portion of the coolant would flow through the EGR 
coolers before going back to the radiator. But the pathway has been modified to allow for 
better cooling of the recirculated exhaust gases, which enables higher ratios of EGR in the 
intake manifold. Coolant flow from the heat exchanger was split so that a portion goes to the 
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engine block and a portion goes directly to the EGR coolers. A ball valve on the line to the 
engine block allows adjustment of the fraction of coolant flowing through each path. Coolant 
outlets from the engine block and EGR coolers are then routed back to the storage vessel. To 
monitor coolant temperature, a J-type thermocouple is mounted at the outlet of the engine 
coolant. 
 
3.5  Starting, motoring, and power absorbing 
With the starting, motoring, and power absorbing system, the Ford Lion engine can be 
started and motored, engine load can be changed while holding the speed constant, and 
different engine speeds can be applied at constant load. Figure 3.5 demonstrates the 
schematic of the system. The starting, motoring, and power absorbing system for the Ford 
Lion engine consists of a Midwest Dynamometer 310, a Dyne Systems DYN-LOC IV 
controller, a flywheel assembly, a Baldor electric motor, and an Asea Brown Boveri (ABB) 
adjustable frequency alternating current drive.  
 The Midwest Dynamometer 310 is connected to the flywheel of the engine through a 
Model 1810 drive shaft assembly made by Johnson Power. The eddy-current dynamometer is 
rated for a maximum power of 300 hp at speeds between 2500 and 6000 rpm. The 
dynamometer is cooled with the building water that flows through its internal components, 
including the rotor and the stator, into a drain pan mounted below the dynamometer. A ball 
valve located on the north wall of the engine lab is used to control flow rate of the cooling 
water. Depending on the power being absorbed by the dynamometer, the flow rate of cooling 
water can be fairly small as long as the water pressure is sufficient to engage the water 
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pressure safety switch and close the dynamometer controller circuit, which serves to protect 
the dynamometer from overheating by loading the engine without proper cooling. Flow rate 
of cooling water should be at 22 g/min when the dynamometer operates at its maximum rated 
power. A Little Giant 1/6 hp submersible sump pump with a maximum flow rate of 77 L/min 
is used to pump cooling water out of the drain pan. This sump pump is turned on and off 
alternately to maintain a constant water level in the drain pan. It should be noted that a bolt 
has been screwed on the switch of the building water flow controlling valve to prevent it from 
being fully opened. The reason for doing this is that the flow of water into the dynamometer 
can exceed the maximum flow rate of the sump pump, causing a possible overflow of water 
in the drain pan. To monitor the cooling water temperature, a thermocouple is installed near 
its outlet from the dynamometer. Maximum temperature of the cooling water should not 
exceed 60° C. 
 A Dyne Systems DYN-LOC IV controller is placed in the engine control room and 
connected to the field wires of the dynamometer to allow for control of engine speed and load. 
Engine speed is monitored by an Electro Kinetics 3030 AN25 magnetic sensor which 
produces a quasi-sinusoidal signal from a rotating 60-toothed wheel spinning at the same 
speed as the engine. On the other hand, a Lebow Products Model 3132 load cell with a 
maximum capacity of 4450 N is used to determine the torque generated by the engine. From 
these devices, the controller computes and displays the engine speed, torque, and power. 
Analog signals on the back of the controller send the engine speed and load information to 
LabVIEW for further engine control and management. This will be discussed in further 
details in the Data Acquisition and Control section. 
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 The Midwest Dynamometer 310 is not a motoring dynamometer, therefore it is coupled 
with a starting and motoring system that consists of a 30-hp Baldor high-efficiency electric 
motor and a custom clutch assembly. The clutch is an International Harvester 915 combine 
clutch, which is mounted on a custom shaft and can be engaged or disengaged using a 12 
VDC power supply switched from the control room. The electric motor is rated for a speed of 
1760 rpm at a frequency of 60 Hz and a normal operating current of 38 A at 460 VAC. An 
ABB variable frequency drive with an output frequency ranging from 0 to 12 Hz is used for 
speed control of the motor, capable of supplying a momentary torque boost of up to 72 A 
when starting the engine from a stationary position. It is configured in a way that the engine 
is motored at 800 rpm. An ABB SAGS 700 PAN remote control panel that allows for safer 
and remote operation of the variable frequency drive is installed in the engine control room. 
There is a potential of overheating if the electric motor torque boost is used for more than 1 
min.  
 
3.6  Data acquisition and control  
The data acquisition and control system for the Ford Lion engine consists of data 
acquisition devices such as thermal couples and pressure transducers, as well as a computer 
based measurement and control system. Figure 3.6 illustrates the schematic of this system. A 
National Instruments signal conditioning chassis (Model SCXI-1000) was installed to amplify, 
filter, and isolate the signals. In addition, it serves as a switching system which multiplexes 
the signals from all thermocouples and pressure transducers into a single channel on the data 
acquisition (DAQ) board. As a result, only two input channels are needed even though there 
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are more than six input signals. The chassis houses two different modules and a feedthrough 
panel. One module (Model SCXI-1100) is a 32-channel differential multiplexer/amplifier 
used primarily for signal conditioning and switching related to the thermocouples. A terminal 
block (Model SCXI-1303) is included in this module, which is used to provide an accurate 
measurement of the cold-junction reference voltage for the thermocouples through a built-in 
temperature sensor. Connected to this module are six J-type thermocouples, and the order of 
connection is illustrated in Figure 3.7. The second module (Model SCXI-1120) has eight 
isolated input channels and is used for signal conditioning all pressure transducers except the 
in-cylinder pressure transducer. A connection diagram for the pressure transducers is also 
shown in Figure 3.7. A feedthrough panel (SCXI-1180) passes all unconditioned signals 
directly to and from the DAQ board, which will be discussed in further details below. The 
unconditioned signals include the in-cylinder pressure transducer, engine speed and torque 
from the dynamometer, and the pedal signals to the engine to control the load and speed. 
 A computer based system was set up for data acquisition and control. The computer 
contains two National Instruments devices, including a 16-channel data acquisition board 
(Model PCI-MIO-16E-4) and a 2-channel analog current output card (Model PC-AO-2DC). 
The data acquisition board receives and processes signals coming from data acquisition 
devices, while the analog current output card controls the air intake system for the engine. 
Signals from the thermocouples, pressure transducers, dynamometer, and shaft encoder are 
acquired by the data acquisition board, which works as a bridge of communication between 
computer and signal conditioning chassis. Meanwhile, the data acquisition board generates 
output voltages to simulate the accelerator pedal position. On the other hand, the analog 
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current output card outputs required current to control the intake air pressure valve and the 
heater. Both the pedal position and the air pressure control systems require a control current 
between 4 and 20 mA. A physical pedal from Land Rover was originally used in the system 
for control of pedal position, but was later on found rather inconvenient. Now, instead, pedal 
positions are simulated in LabVIEW, through which two pedal signals are sent to the ECM. 
The first signal ranges from 0.732 to 3.774 V, while the second signal is just half of the first. 
These signals are delivered by LabVIEW to the ECM via the feedthrough panel mentioned 
above. For in-cylinder pressure measurement, an AVL GU13P pressure transducer was 
installed in cylinder No. 6. The transducer had a bore of 3 mm, a nominal sensitivity of 15 
pC/bar, and a measuring range of 0 to 200 bar. It fits into the glow plug hole using a glow 
plug adaptor, also made by AVL. The glow plug adaptor, however, had not been cleaned on a 
regular basis so that soot accumulated and clogged the holes on its probe, preventing pressure 
from propagating to the sensor. As a result of excessive soot accumulation and its carbon glue 
effect, the adaptor broke on the broke when people tried to screw it loose and take it out. A 
replacement was purchased and installed. For future reference, the glow plug adaptor that 
holds the pressure transducer has to be taken out and cleaned on a frequent basis. Also, an 
AVL GH13P pressure transducer was purchased as a backup, which is an upgraded version of 
the old transducer, having exactly the same dimensions. The GH13P pressure transducer has a 
nominal sensitivity of 16 pC/bar, and a measuring range of 0 to 250 bar. To install the 
transducer into the glow plug adaptor, a special mounting wrench with a hex size of 4 mm 
has to be used. The pressure transducer is connected to a Kistler charge amplifier (Model 
5004), which amplifies signal from the transducer and passes it to the data acquisition board 
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for further processing. A BEI shaft encoder (Model - BEI 
H25D-SS-1440-ABZC-7406R-LEB-SM18) is used to determine the engine timing for proper 
measurement of in-cylinder pressure. The shaft encoder provides 1/4 crank angle degree 
resolution, and thus outputs 2880 pulses per engine cycle (720 crank angle degrees). It also 
outputs a signal corresponding to TDC for each engine revolution. The shaft encoder is 
mounted to the crank shaft at the front of the engine. LabVIEW 8.6, an object-oriented 
programming language, is used both for data acquisition and control. A virtual instrument 
program named Engine_Control_022709.vi was developed to monitor and control the inputs 
and outputs of the boards, acquire and record data, and compute engine performance 
parameters. The program is made up of 3 main sections—low-speed data acquisition, 
high-speed in-cylinder pressure data acquisition, and control signal generation. The 
low-speed data acquisition section takes care of monitoring and acquiring the data of all 
steady-state inputs, including temperatures, torque and engine speed from the dynamometer, 
and intake pressure. The second section of the code performs the high-speed data acquisition 
for in-cylinder pressure data. When the acquisition button is pressed, the computer receives a 
TDC pulse from the shaft encoder and then the in-pressure pressure data recording will start. 
Pressure data are recorded for the full engine cycle as triggered by the shaft encoder. A 
post-processing code is used to smooth out the recorded pressures and calculate the 
corresponding cylinder volumes based on the crank angle at which the pressures are acquired. 
Expansion, compression, and pumping work are then calculated from the smoothed pressure 
data. Lastly, the control signal generation section of the program serves to generate signals 
for the external devices. Four output signals are generated, two of which are supplied to the 
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ECM for simulation of the pedal position, and the other two are produced by 
proportional-integral (PI) controls to maintain the intake air pressure and temperature at the 
selected values. 
 A separate data acquisition system was developed to facilitate emissions and fuel 
consumption measurement. Results from the exhaust gas analyzer and NOx emissions 
analyzer had previously been written down manually, which proved to be an inefficient and 
error-prone method. A shortage of analog input channels prevented the analog output 
channels of these units from being wired into the existing data acquisition system. Instead, 
these output channels from the emissions measuring devices were connected to an additional 
DAQ card (National Instruments PCI-MIO-16E-4) on a separate computer, and another 
LabVIEW program (emissions_v5.vi) was developed to average the results, make 
calculations, and save the data to a text file. More detailed description of this data acquisition 
system is available in Michael Leick’s thesis [70]. 
 ETAS INCA installed in another computer is used to establish communication with the 
engine electronic control module (ECM). INCA is designed for development and calibration 
of control and diagnostic parameters in engine ECM’s, and is capable of data acquisition and 
real-time recording of many engine operating parameters present in the ECM. An ETAS 
ES580 interface card provides the hardware connection between the computer and the ECM. 
This PCMCIA interface card is installed in one of the PCI slots on the motherboard using a 
PCMCIA-to-PCI converter. The setup of the ECM control and management system is 
illustrated in Figure 3.8. The ECM first receives input signals from all sensors placed around 
the engine and processes them according to its internal calibrations, then it outputs the 
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necessary control signals for desired engine operation conditions. It is important to note that 
this ECM, different from other production ones, offers the users access to modifying and 
reconfiguring its original settings, which to a great extent facilitates research work in the test 
cell. The engine runs with the default calibrations supplied by Ford until a connection is 
established between INCA and the ECM, at which point the various calibrations can be 
modified.  
 
3.7  Measurement of emissions and fuel consumption 
It is importantly to mention that all emissions are measured directly from the raw exhaust 
gases without going through any aftertreatment device. Concentrations of O2, CO2, CO, and 
HC in the exhaust gas (or manifold mixture) are measured through a Horiba MEXA-554JU 
exhaust gas analyzer. The concentrations of O2, CO2, and CO are displayed in the unit of 
vol %, while the concentration of HC is shown in ppm. Ice baths were installed in the 
sampling lines to condense the water vapor, and compressed air line dryers (McMaster item 
#4958K34) were installed to filter out the condensed water before the sample entered the 
analyzer.  In this sense, all water vapor is considered to be removed from the sample, and 
the results are considered to be dry-basis measurements. 
For measurement of NOx emissions, a Horiba MEXA-720NOx non-sampling type 
analyzer is used. The measurement range of this device is from 0 to 3000 ppm NOx 
concentration, with ±30 ppm accuracy for the 0-1000 ppm range, ±3% accuracy for the 
1000-2000 ppm range, and ±5% accuracy for the 2000-3000 ppm range. According to the 
manufacturer, the measurement is wet-basis, therefore no correction for the water content of 
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the exhaust is required. 
Soot measurement is performed using a standard filter paper method. Samples of raw 
exhaust gas are drawn through a 7/8‖ round filter paper using a JB Industries model DV-85N 
deep-vacuum pump. The filter paper discs are cut from rectangular strips of filter paper 
supplied by Grainger Industrial Supply (item #6T167). And the filter holder is taken from a 
Bacharach True-Spot smoke meter and adapted to the new setup. Condensed water or oil are 
removed from the sampling line by a line filter (McMaster item #4958K34) installed after the 
vacuum pump. A Brooks flow meter, with a tube size of R-6-25-B and a maximum flow rate 
of 2349 L/h air, is used to monitor the sampling flow rate. The flow rate for sampling is 
controlled by a needle valve on the inlet of the vacuum pump. Based on the expected soot 
content, the flow rate and sampling duration are selected to achieve moderate darkening of 
the filter paper. 
For measurement of steady-state fuel consumptions, a volumetric system was integrated 
in the fuel supply system by previous student Michael Leick [70], as illustrated in Figure 3.9. 
A small sampling tank made of PVC pipe was constructed, on which three liquid level 
sensors (Honeywell LLE102101) with repeatability of ±1 mm were installed to detect the 
presence of fuel at different levels in the sampling tank, outputting a logic high voltage in air 
and a logic low voltage in liquid. Different measuring volumes can be chosen by means of 
selecting two of the three sensors to use. In this way, the volume contained between the two 
sensors is known, allowing a volumetric measurement of net fuel flow to the engine. A timer 
is started as the fuel drops below the upper sensor and stopped as it drops below the lower 
sensor. Mass flow rate then can be calculated based on the specific gravity of tested fuel.  
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Measurements are not taken until the fuel temperature becomes constant near the engine 
coolant temperature, preventing the results from being skewed due to different fuel densities. 
Fuel flow to or from the sampling tank is controlled by two solenoid valves (Hydraforce 
SV10-31). When fuel consumption measurement is needed, a selector switch is flipped, 
enabling the solenoid valve for the return fuel line to switch from the main tank to the 
sampling tank, thereby filling it up. Once the fuel level rises above the upper liquid level 
sensor, an electronic circuit switches off power to the solenoid valve, connecting the return 
line back to the main tank and preventing the sampling tank from overflowing. To take the 
fuel flow measurement, a second selector switch is flipped, which makes the solenoid valves 
for the supply and return lines both connected to the sampling tank. As the fuel is consumed 
by the engine, fuel level continues dropping in the sampling tank until it reaches the lower 
liquid level sensor, at which point an electronic circuit switches off power to the two solenoid 
valves, connecting the supply and return lines back to the main tank. 
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Chapter 4 
Results and Discussion 
A series of tests were performed on the Ford Lion engine setup. Since this study focuses 
on the combustion and emission characteristics of butanol in a direct injection diesel engine, 
the tested fuels were butanol-diesel blends with different butanol contents. For each blending 
ratio, a variety of tests were carried out with different operating conditions. Purposes of these 
tests include characterizing the influence of different butanol content in the fuel on engine 
performance and emissions, as well as optimizing the engine control strategies for each 
blending ratio. Further descriptions of tested fuel, tested conditions, and general engine 
operation will be provided in the following sections. Calculations and data analysis follow the 
previously established methodologies, which are elaborated in Michael Leick’s thesis [70], to 
facilitate comparison of results from this work to those from previous works carried out on 
the same setup.  
 
4.1  Test fuels 
Fuels used in this study are butanol-diesel blends with the butanol volumetric 
concentration ranging from zero to as high as 40%. The baseline diesel fuel is the U.S. ultra 
low sulfur diesel obtained through a local fuel supplier named Illini FS, who provided 
detailed fuel specifications through its material safety data sheet. It should be mentioned that 
this ultra low sulfur diesel is straight diesel No. 2 without any additives. The butanol used in 
this study is analytical grade normal butanol with 99.9% purity, which is purchased from the 
chemical storeroom on campus. Blends of butanol and diesel were made by volumetric ratios 
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of 1:9, 2:8, 3:7, and 4:6, corresponding to 10%, 20%, 30%, and 40% of butanol content. 
These blends are addressed as B10, B20, B30, and B40 respectively, with the capital letter ―B‖ 
representing ―butanol‖. Pure diesel fuel was tested as the baseline fuel to be compared to the 
different blends. All tested fuels are listed in Table 4.1.  
 
4.2  Test conditions 
All tests were run at stead state condition in this study. Previous works [69, 70] carried 
out on this setup have demonstrated that the engine speed has minimal effect on the general 
trends of engine performance and emissions characteristics. Particularly, Michael Leick 
performed a series of tests on biodiesel blends using three different engine speeds, namely 
1000 rpm, 1500 rpm, and 2000 rpm, obtaining identical trends for these speeds with respect 
to heat release profiles, fuel economies, and emission levels. Therefore, based on these 
findings, only one engine speed was applied in this study. The engine was held at 1000 rpm 
throughout the study, while the fueling rate was fixed to obtain 3 bar bmep and 5 bar bmep 
respectively at initial conditions. For each speed and load combination, EGR ratio was 
gradually adjusted from zero to the point of combustion deterioration (observed by an abrupt 
increase in CO emission), and the main injection timing was modified at zero, moderate, and 
high EGR levels. Modification of main injection timings followed this manner: the ECM 
default setting at the operating speed and load was used as a reference, and the main injection 
timing was advanced or retarded as far as 6 crank angle degrees earlier or later than the 
default timing, using a 2-crank-angle-degree step. These test conditions were performed for 
all test fuels. The ECM default injection timings are denoted as ―0‖, while other timings are 
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indicated as crank angle degrees relative to the default. Table 4.2 is a summary of conditions 
run on the engine, while more detailed case specifications are provided in the Appendix.  
 
4.3  Effect of butanol on engine performance and emissions 
 Given the differences in fuel properties between butanol and conventional diesel fuel, the 
addition of butanol to engine fuel is expected to influence the engine performance and 
emissions characteristics. A total of four butanol-diesel blends with butanol content ranging 
from 10% to 40% were tested in this study, the results of which were compared with those 
obtained from conventional diesel fuel under same engine operating conditions.  
 
4.3.1  Light load 
Under light load operating conditions, the engine speed was held constant at 1000 rpm, 
while by increasing the fueling rate the load was brought up to 3 bar bmep with the EGR 
system deactivated. Then the fueling rate was fixed at this level throughout the light load test. 
A total of seven main injection timings were used. For each blended fuel, the engine ECM 
default timing was used as a reference, three advanced timings plus three retarded timings 
were applied, using a 2-crank-angle-degree step. The ECM default timing was around 2.5 
CAD ATDC under this light load operating condition. 
Brake specific fuel consumption levels for B0 through B40 without exhaust gas 
recirculation are compared in Figure 4.1 and Figure 4.2.  
As can be seen in Figure 4.1, results are plotted against actual start of main injection in 
crank angle degrees after top dead center. Later than default injection timings (SOI > 2.5 
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CAD ATDC) universally lead to increased brake specific fuel consumption rate comparing to 
the default timing regardless of butanol percentage in the fuel, and the more the main 
injection timing is retarded the higher the fuel consumption rate. This is because at these later 
timings the fuel is injected during the expansion stroke and the peak combustion temperature 
is reduced by the quenching effect as the piston moves down in the cylinder. Therefore, 
combustion efficiency suffers when late SOIs are applied, leading to a compromised power 
output when the fueling rate is fixed. On the other hand, earlier than default injection timings 
(SOI < 2.5 CAD ATDC) have different effect on fuel economy for different blended fuels. In 
the case of B0, advancing the main injection timing by 2 degrees relative to default (SOI at 
0.5 CAD ATDC) results in slightly increased BSFC, but further advancing the start of 
injection serves to bring down fuel consumption level. In the case of B10 and B20, BSFC 
continues decreasing as the injection is advanced relative to default, except that B20 gives 
very similar levels of BSFC at -1.5 and -3.5 CAD ATDC. In the case of B30 and B40, fuel 
consumption rate continues dropping with advanced injection timings until the main SOI hits 
-3.5 CAD ATDC (6 degrees advanced relative to default), where it turns back up. Minimum 
BSFC is found at -3.5 CAD ATDC for B0, B10, and B20; and at -1.5 CAD ATDC for B30 
and B40. 
In Figure 4.2, results are plotted against start of main injection relative to the ECM 
default setting. The bar chart offers a clearer view on comparison of BSFC levels across 
different fuel blends. As can be seen from the plot, butanol contents in the fuel have different 
influence on fuel economy at different injection timings, though butanol-diesel blends 
universally lead to higher BSFC compared to pure diesel. At default SOI, increase in BSFC 
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compared to B0 is 0.66% for B10, 1.31% for B20, 1.73% for B30, and 3.40% for B40. At -2 
CAD relative to default (2 degrees earlier), B10 leads to an increase in brake specific fuel 
consumption by 0.29%, B20 by 0.39%, B30 by 1.04%, and B40 by 2.45%. At -4 CAD 
relative to default (4 degrees earlier), comparing to pure diesel, B0 shows a 0.08% increase in 
BSFC, B20 a 0.65% increase, B30 0.87%, and B40 2.26%. At -6 CAD relative to default (6 
degrees earlier), the increase in BSFC is 0.24% for B10, 1.02% for B20, 2.75% for B30, and 
3.22% for B40. At 2 CAD relative to default (2 degrees later), comparing to the case of pure 
diesel, fuel consumption finds a 1.53% increase in the case of B10, a 1.78% increase in the 
case of B20, a 3.69% increase in the case of B30, and a 3.66% increase in the case of B40. At 
4 CAD relative to default (4 degrees later), 1.22% increase in brake specific fuel consumption 
is found for B10, 4.16% increase for B20, 5.08% for B30, and 5.05% for B40. At 6 CAD 
relative to default (6 degrees later), B10 gives a 3.11% higher BSFC than diesel, B20 4.45%, 
B30 4.31%, and B40 4.52%. In general, since butanol has a lower energy content than diesel 
(33.1 MJ/kg versus 42.5 MJ/kg in lower heating value), addition of butanol to diesel as 
engine fuel is expected to result in higher brake specific fuel consumption, as more fuel has 
to be burnt in order to achieve similar level of power output. On the other hand, butanol has a 
more volatile characteristic and a smaller cetane number than diesel (25 versus 40-55), which 
makes possible better fuel-air mixing through faster evaporation and extended ignition delay, 
leading to better combustion conditions and a corresponding better fuel economy. These two 
competing effects control the performance of engine running on butanol-diesel blends.  
Brake specific NOx emissions for B0 through B40 at zero EGR rate are compared in 
Figure 4.3 and Figure 4.4. 
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In Figure 4.3, results are plotted against actual start of main injection in crank angle 
degrees after top dead center. From the shape of the curves it can be seen that as a general 
trend, brake specific NOx emissions decrease with later start of injection, but the rate of 
reduction slows down with further retardation of SOI. This trend is found for all of the five 
fuels tested. A useful conclusion from this observation is that retarding injection timing alone 
(without adding EGR) is capable of reducing NOx emissions, which is in agreement with 
findings in many other literatures. This can be explained by the lower combustion 
temperature associated with later injection timings. But in general the engine power also 
decrease with later injection timings, therefore the brake specific NOx in g/kWh does not 
decrease as much as NOx in ppm. This NOx reduction technique is effective within only a 
certain range of operating conditions. For example, in the cases of this study, the curves 
gradually flatten out beyond certain point as SOI being delayed. It is important to notice that 
different butanol contents in fuels have an impact on the extent to which NOx emissions can 
be affected by the start of injection. With increasing butanol content in the blends, NOx levels 
become more sensitive to later than default injection timings (SOI > 2.5 CAD ATDC). For 
example, in the case of B0, brake specific NOx basically stay at the same level for SOI’s later 
than 2.5 CAD ATDC (within 1% change); whereas in the case of B40, NOx emissions 
continue decreasing obviously from SOI at 4.5 CAD ATDC to SOI at 8.5 CAD ATDC (16.5% 
reduction). Total reduction of NOx by adjusting start of injection (from -3.5 to 8.5 CAD 
ATDC) is 37.38% for B0, 35.54% for B10, 46.24% for B20, 51.40% for B30, and 57.77% for 
B40.  
In Figure 4.4, results are plotted against start of main injection relative to the ECM 
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default setting. It can be observed from the figure that except for B40 at -6 CAD relative to 
default timing, all butanol blends give out less brake specific NOx than does pure diesel 
regardless of injection timings. Butanol is an oxygenated fuel that contains 21.6% fuel-bond 
oxygen. Therefore, when butanol is added in engine fuel, it helps provide an oxygen-rich 
combustion environment, which has a tendency to promote NOx formation due to a higher 
concentration of oxygen radial in the thermal NOx mechanism. On the other hand, addition of 
butanol leads to better spay atomization and faster fuel evaporation, as well as extended 
ignition delay, which all serve to promote fuel-air mixing. In this sense, a larger portion of 
premixed combustion is obtained when using butanol-diesel blends, resulting in lower 
combustion temperature, which in turn reduces NOx generation rate. For light load conditions, 
specifically, since the engine already operates in a fuel-lean mode, further increased oxygen 
concentration brought up by butanol addition does not make too much a difference. Instead, 
improved fuel-air mixing plays a more important role, which explains the lower NOx 
emissions for butanol-diesel blends when compared to pure diesel. Nevertheless, different 
injection timings still have an influence on the relative change in NOx levels across different 
blends. At the default start of injection, B10 shows a 26.78% reduction in brake specific NOx 
compared to diesel, B20 17.56%, B30 16.48%, and B40 7.77%. At -2 CAD relative to default, 
percentages of decrease in NOx emissions for B10 through B40 are 27.41%, 14.72%, 14.35%, 
and 2.01%, respectively. At -4 CAD relative to default, NOx are found 29.51% lower than 
diesel for B10, 13.72% for B20, 14.15% for B30, and 0.60% for B40. At -6 CAD relative to 
default, B10, B20, and B30 still have lower NOx levels than diesel, reporting 24.01%, 
10.13%, and 9.15% decrease respectively; whereas B40 shows an increase by 11.53%. At 2 
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CAD relative to default, all blended fuels give lower NOx emissions than does B0, showing 
21.22%, 18.99%, 22.77%, and 10.78% decrease through B10 to B40. At 4 CAD relative to 
default, same trend as above, and the reductions are 21.35%, 19.91%, 25.86%, and 19.33%. 
Lastly, at 6 CAD relative to default, percentages of NOx decrease compared to B0 are 
21.77%, 22.85%, 29.48%, and 24.78% for B10 through B40.  
Soot emission levels for B0 through B40 without exhaust gas recirculation are compared 
in Figure 4.5 and Figure 4.6. Results are presented in filter smoke numbers.  
The effect of adjusting start of injection on soot emission levels for the tested fuels can 
be seen in Figure 4.5. For B0 and B10, parabola shaped soot-timing curves are observed, with 
maximum soot emissions appearing at 0.5 CAD ATDC for both. Earlier injection timings 
serve to reduce soot emission from the exhaust pipe due to better soot oxidation during 
combustion; while later timings are capable of decreasing soot to a greater extent because of 
the lowered combustion temperature resulting from retarded combustion phasing. For B20 
fuel, soot emission keeps going up with later start of injection until it peaks at 4.5 CAD 
ATDC and then drops down. For B30, highest soot production is seen at 0.5 CAD ATDC, 
along with a second peak occurring at 4.5 CAD ATDC. For B40, injection timings have 
minimal effect on the soot production level, as suggested by the nearly flat line on the graph. 
This observation is unique with B40 fuel in the low load case. As a general trend, with the 
increase in butanol content in the tested fuel, soot emission levels become less sensitive to 
injection timings.  
From Figure 4.6 the variation in soot emission levels across tested fuels at different 
injection timings can be observed. It can be seen that butanol addition to the engine fuel 
47 
 
serves to effectively bring down soot emission from the exhaust gas. This is because the fuel 
bond oxygen in butanol serves to provide a lower local equivalence ratio when equal amount 
of fuel is injected, which facilitates more complete combustion and promotes soot oxidation. 
Though the general trend suggests that soot production decreases with the increase in butanol 
content in the fuel, differences can be observed across different injection timings. At the 
reference point, default start of injection, soot emission continues dropping with further 
addition of butanol, showing 18.27% reduction for B10, 39.56% for B20, 56.37% for B30, 
and 63.87% for B40. At -2 degrees relative to default, using B10 leads to decrease of soot by 
14.06%, B20 by 42.18%, B30 by 49.48%, and B40 by 68.33%. Same trend is observed at -4 
degrees relative to default, and the reduction of soot in comparison with pure diesel is 16.91% 
for B10, 45.54% for B20, 52.44% for B30, and 68.34% for B40. At -6 degrees relative to the 
reference point, continual soot decrease is observed through B10 to B30, but B40 shows 
slightly higher level than B30 in this case. The percentages of soot reduction compared to 
diesel with B10 through B40 are 30.55%, 42.72%, 65.48%, and 62.12%. At later than default 
injection timings (2, 4, and 6 degrees relative to default), soot emissions from B20 appear to 
be higher than those from the B10 fuel, but still lower than those of the pure diesel cases. At 2 
degrees after default injection timing, B10 reports a 24.92% lower soot than diesel, B20 
23.84%, B30 47.15%, and B40 66.84%. At 4 degrees relative to default, B10 shows a 27.91% 
reduction in soot compared to diesel, B20 21.60%, B30 49.38%, and B40 61.86%. Finally at 
6 degrees relative to default start of injection, B10 indicates 35.99% lower soot emission than 
diesel, B20 8.78%, B30 39.00%, and B40 48.03%. 
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4.3.2  Medium load 
 The testing methodology of medium load conditions followed that of the light load tests, 
except that the engine load was brought up to 5 bar bmep. For medium load testing, the ECM 
default timing was around 2 CAD ATDC.  
 The brake specific fuel consumptions for B0 through B40 at medium engine load without 
exhaust gas recirculation are compared Figure 4.7 and Figure 4.8.  
 In Figure 4.7, results are plotted against actual start of main injection in crank angle 
degrees after top dead center. It is observed that except for B40, BSFC levels for all other 
fuels increase monotonously as the fuel is injected later. This is different from the light load 
cases, in which minimum fuel consumptions are not at the earliest injection timings for B30 
and B40. As more fuel is injected into the cylinder, it takes longer to burn the majority of the 
fuel, so that the combustion process is extended compared to the light load cases. Thus, at 
earlier injection timings, combustion takes place mostly at a high temperature and high 
pressure environment near top dead center, leading to better combustion efficiency and 
improved fuel economy. For the B40 fuel at medium load, however, minimum BSFC is 
achieved at 2 degrees before top dead center as opposed to at the earliest start of injection. A 
possible explanation is that high butanol content in the fuel greatly facilitates spray 
atomization and fuel vaporization, which enables a larger portion of the fuel to be combusted 
in a pre-mixed mode, leading to a more rapid heat release after the start of combustion. In this 
case, at the earliest timing, much of the heat release might take place while the piston is still 
moving up in the compression stroke, counteracting its motion and thus wasting part of the 
energy. Also found from the medium load study is that the brake specific fuel consumption is 
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generally lower in comparison with the cases in light load study.  
 Figure 4.8 compares the BSFC levels of all tested fuels across different injection timings, 
and results are plotted against SOI relative to the ECM default setting. The analysis in light 
load operation applies to the medium load as well. Using the default injection strategy, B10 
reports a 0.65% increase in fuel consumption compared to diesel, B20 1.84%, B30 3.11%, 
and B40 3.02%. At -2 CAD relative to default start of injection, there is a 0.47% increase in 
BSFC for B10 in comparison with diesel, a 1.53% increase for B20, a 1.81% increase for B30, 
and a 3.08% increase for B40. At -4 CAD relative to default timing, B10 indicates 0.53% 
higher fuel consumption than diesel, B20 1.63% higher, B30 2.27%, and B40 3.48%. At -6 
degrees relative to default, BSFC is found 0.73% higher for B10 compared to diesel, 1.71% 
higher for B20, 2.67% higher for B30, and 5.37% higher for B40. At 2 CAD later than default 
injection timing, B10 increases the fuel consumption level by 0.24%, B20 by 0.53%, B30 by 
1.75%, and B40 by 2.51%. At 4 CAD later than default timing, B10 reports a 0.20% increase 
in BSFC compared to diesel, B20 a 0.43% increase, B30 a 1.75% increase, and B40 a 1.55% 
increase. At 6 degrees later than default start of injection, the fuel consumption rate is found 
0.23% higher for B10 in comparison with diesel, 0.53% higher for B20, 1.19% higher for 
B30, and 2.11% higher for B40.  
 Brake specific NOx emissions for B0 through B40 at medium engine load without EGR 
are compared in Figure 4.9 and Figure 4.10.  
 As can be seen from Figure 4.9, brake specific NOx emissions from all five tested fuels 
decrease with later start of injection, which can be explained by the lower combustion 
temperature associated with later injection. Also, retarding start of injection becomes less 
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effective in NOx reduction at later timings. These are in agreement with findings in the light 
load tests. In Figure 10, the effect of butanol content in testing fuel is shown at different 
injection timings relative to default. At the reference point, using default injection timing, 
B10 leads to a 12.42% increase in bsNOx compared to diesel, B20 leads to 5.95% reduction, 
B30 7.04% increase, and B40 19.39% increase. At -2 CAD relative to the default start of 
injection, a 11.67% increase in NOx is observed for B10, a 2.11% reduction for B20, a 6.73% 
increase for B30, and a 20.31% increase for B40. At -4 CAD relative to default, all blended 
fuels report higher NOx emissions than diesel, B10 shows 16.01% increase, B20 5.09%, B30 
11.23%, and B40 21.15%. At -6 degrees relative to default, there is a 17.83% increase in 
bsNOx for B10, 14.71% increase for B20, 9.46% increase for B30, and 20.91% increase for 
B40. At 2 CAD later than default timing, 12.69% increase in NOx is observed for B10 
compared to diesel, 6.10% for B20, 4.01% for B30, and 16.16% for B40. At 4 CAD later than 
default start of injection, NOx emissions from B10 is found 7.05% higher than diesel, from 
B20 is 0.63% higher, from B30 is 1.43% lower, and from B40 is 8.50% higher. At 6 degrees 
later than default, B10 reports a 1.85% increase in NOx compared to diesel, B20 a 5.20% 
reduction, B30 a 5.98% reduction, and B40 a 1.94% increase. It can be observed that for 
medium engine load, brake specific NOx emissions can be less affected by butanol content in 
the fuel compared to the light load cases.  
 Soot emissions from tested fuels at different injection timings at medium engine load 
without exhaust gas recirculation are compared in Figure 4.11 and Figure 4.12.  
 For medium engine load, soot emissions from all tested fuels are higher in comparison 
with light load conditions, which is expected since more fuel has been injected to achieve a 
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higher load. For example, the range of soot filter smoke number in light load testing is from 
0.075 to 0.258, where as in the medium load case it is from 0.109 to 0.434. No obvious trend 
can be observed from Figure 4.11 in soot variation at different injection timings. Rather, the 
soot filter smoke number changes in different patterns across different fuels. As has been 
mentioned in the literature review, soot formation is controlled by the combined effect of 
combustion temperature and local equivalence ratio, and soot oxidation is dependent on the 
combustion phase. Then in the medium load tests, combustion condition varies when start of 
injection is adjusted, leading to corresponding changes in soot emission levels. Never the less, 
from Figure 4.12 it is evident that butanol addition to engine fuel is capable of reducing soot 
emission from raw exhaust gas compared to pure diesel, and more butanol content results in 
further reduction in majority of the tested cases. Looking at Figure 4.12, the extent to which 
soot is decreased by butanol addition at various injection timings can be estimated. At default 
injection timing (0 CAD relative to default), a reduction of 17.13% compared to diesel is seen 
in the case of B10, a 29.80% reduction in the case of B20, 55.25% in the case of B30, and 
68.66% in the case of B40. At -2 CAD relative to default SOI, soot is decreased by 22.31% 
using B10, 38.30% using B20, 52.64% using B30, and 73.11% using B40. At -4 degrees 
relative to default, B10 reports a 35.55% reduction of soot compared to diesel, B20 43.76%, 
B30 59.09%, and B40 74.76%. At -6 degrees relative to default, B10 indicates 27.03% 
decrease in soot, B20 43.39%, B30 60.44%, and B40 72.50%. At 2 CAD relative to default 
start of injection, reduction of soot is 33.97% for B10, 46.51% for B20, 55.79% for B30, and 
68.93% for B40. At 4 CAD relative to default, 32.55% decrease in soot compared to diesel is 
found for B10, 46.93% for B20, 43.52% for B30, and 67.23% for B40. At 6 degrees relative 
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to default, B10 shows a 34.17% soot reduction in comparison with diesel, B20 46.64%, B30 
30.68%, and B40 60.31%.  
 
4.3.3  EGR effect 
 Each selected fuel in this study was tested under a wide range of EGR ratios while 
holding the injection strategies constant according to the original ECM configuration. Again, 
tests were carried out under two different engine load—3 bar bmep and 5 bar bmep. At a 
constant engine speed of 1000 rpm, the EGR ratio was initially set to zero, and the fueling 
rate was increased until the desired engine load was obtained. Once the designated load was 
reached, fueling rate was fixed, and the EGR was increased steadily from zero to the point of 
combustion deterioration, which was indicated by an abrupt increase in CO emission. No 
change was applied to the start of injection.  
 The BSFC, brake specific NOx emissions, and soot filter smoke number for B0 through 
B40 at 3 bar bmep are plotted against a variety of EGR ratios in Figure 4.13 through Figure 
4.15. As can be seen from these figures, the brake specific fuel consumptions for all tested 
fuels generally increase with the increase in EGR ratio, brake specific NOx emissions are 
universally reduced at higher EGR, and soot production level increases with EGR rate for all 
fuels except B40. As more exhaust gas is recirculated into the intake manifold the fresh air is 
diluted, so that the oxygen concentration in the inlet charge is reduced. Also, since burned 
exhaust gas has a higher specific heat capacity than fresh air, at higher EGR ratio the overall 
specific heat capacity for the intake mixture should be increased. As a result, the combustion 
flame temperature is lowered, which to a large extent accounts for the decrease in NOx 
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emissions when higher EGR rate is applied. On the negative side, however, the introduction 
of EGR leads to decreased combustion efficiency and enhanced level of soot production. At 
fixed fueling rate, the engine loses some power as more exhaust gas is recirculated, 
explaining the general trend in BSFC observed in this study. It should be addressed that the 
exhaust gas composition varies according to the composition of the fuel being utilized. In this 
sense, the extent to which EGR can influence the combustion process might be different for 
diesel and for diesel-butanol blends. Regarding the BSFC, though the general trend is higher 
EGR leads to higher level of fuel consumption, for the diesel-butanol blends (B10 through 
B40) it is observed that light amount of EGR (below 20%) actually gives lower BSFC’s in 
comparison with zero EGR conditions. With respect to soot emissions, B40 stands out as an 
exception for which soot level starts to drop off at high EGR rates, as opposed to increasing 
monotonously in the cases of other tested fuels. Based on this observation, it is reasonable to 
speculate that for B40 at 3 bar bmep the combustion temperature can be reduced solely by 
using high rate of EGR to a level at which soot production is repressed. This phenomenon is 
only observed in the case of B40 under light load operation.  
 The same analysis applies to medium engine load conditions as well. Figure 4.16 through 
Figure 4.18 demonstrate the trends of BSFC, brake specific NOx, and soot filter smoke 
number versus EGR ratio for B0 through B40 at 5 bar bmep. It can be seen that the maximum 
EGR rate used for each tested fuel is less at medium load than at light load. As the injection 
mass is increased, more fresh air is needed to sustain combustion, therefore the dilution effect 
of exhaust gas becomes more obvious and the combustion deteriorates faster with the 
increase in EGR ratio. All trends in the medium load tests are similar to those in the light load 
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conditions. 
 
4.4  Operation optimization for butanol-diesel blends 
4.4.1  Map of tested conditions for B0 through B40 
 For each fuel studied a series of tests were carried out under two different engine loads, 
and the start of injection was adjusted at zero, medium, and high EGR rates respectively. 
Under these operating conditions, the engine performance and emission levels were 
investigated and compared, in the hope of optimizing control strategies for the butanol-diesel 
blends. Again, the fueling rate was fixed at 3 bar and 5 bar bmep respectively at zero EGR 
rate, and from there on the series of tests were carried out.  
 In Figure 4.19 through Figure 4.23 the brake specific fuel consumption levels for B0 
through B40 under light load map of testing are demonstrated. As a general trend for all 
tested fuels, BSFC tends to increase with later injection timings regardless of EGR rates. Also, 
at earlier injection timings the differences in BSFC between different EGR ratios are less 
obvious than those at later timings. For example, B0 indicates a 2.43% increase in BSFC 
when the EGR ratio is varied from 0% to 40% at a main start of injection of -3.5 CAD ATDC; 
whereas when the main injection timing is shifted back to 8.5 CAD ATDC, this increase turns 
out to be 21.80%, much higher than the early injection timing case. The same is observed for 
B10, B20, and B30. In the case of B40, the 6.5 and 8.5 CAD ATDC timing were not applied 
because too much torque was lost when the injection was further retarded, and the engine 
failed to operate steadily. The higher BSFC’s under higher EGR rates are expected because of 
the reduced combustion efficiency and lower flame temperature at the presence of 
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recirculated exhaust gas. At earlier injection timings, however, these effects are offset by the 
relatively high combustion temperature, which explains the relatively small change in fuel 
consumption levels under these conditions. On the contrary, later injection timings tend to 
expand the effects of EGR because ignition delay is further extended by later injection and 
the combustion temperature further reduced, leading to incomplete use of fuels’ energy and a 
loss of engine power. Therefore, the BSFC increases faster with later injection at higher EGR 
ratios.  
 Figure 4.24 through Figure 4.28 demonstrate the brake specific NOx emissions for B0 
through B40 at zero, medium, and high EGR ratios using various injection timings. This is 
still the light engine load operation, where the engine speed is 1000 rpm and the load 3 bar 
bmep. As has been discussed in the ―EGR effect‖ part, the introduction of EGR is very 
effective with respect to reducing the NOx emissions, which is primarily attributable to 
reduced combustion temperature due to the dilution effect of recirculated exhaust gas. 
Comparing the influence of injection timings on NOx emissions at different EGR levels, it 
can be observed that for the five fuels tested absolute NOx production (g/kWh) becomes less 
sensitive to start of injection as the EGR ratio goes up. As can be seen from the figures, the 
NOx-SOI curves become relatively flat at medium and high EGR rates. This indicates that 
the recirculated exhaust gas acts as a dominant impact factor in NOx production, and the 
influence of injection timing becomes less important at the presence of high EGR levels. 
Nevertheless, difference is still noticed between various butanol contents in the fuel. At 
medium and high EGR rates, NOx produced from fuels with more butanol addition appear to 
be more sensitive to start of injection than those from less butanol content fuels. For example, 
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at medium EGR ratio, the maximum difference in brake specific NOx across the entire 
injection timing range is 0.287 g/kWh for B0, 0.279 g/kWh for B10, 0.544 g/kWh for B20, 
0.612 g/kWh for B30, and 0.946 g/kWh for B40. This can be explained by the fact that more 
fuel bond oxygen is available for the high butanol content fuels, which counteracts the 
dilution of oxygen concentration due to EGR, making the EGR relatively less effective in 
terms of reducing NOx. In this sense, bringing down the combustion temperature further by 
retarding the injection timing has more obvious influence in NOx reduction for the high 
butanol content fuels.  
 Soot emission levels under light load engine operation are shown in Figure 4.29 through 
Figure 4.33. Results are compared for each tested fuel at zero, medium, and high EGR ratios 
using various injection timings. For B0 and B10, increased EGR ratios lead to higher soot 
emissions irrespective of injection timings. As EGR is added to the intake manifold, it 
decreases the oxygen concentration and leads to a higher local equivalence ratio, given a 
fixed injection mass, which promotes soot formation in the early combustion cycle. Also, 
reduced combustion temperature resulting from EGR does not favor soot oxidation during the 
late cycle. A combination of these effects accounts for the increase in soot emission at higher 
EGR rates. For B0 and B10, maximum soot production happens mostly at near top dead 
center injection, either -1.5 or 0.5 CAD ATDC, and as the injection timing is retarded, the 
soot level brought up by high rate of EGR can be effectively reduced. In fact, for high EGR 
conditions, soot shows a faster reduction rate with the retardation of injection timing. For B20 
and B30 fuel, increased EGR ratios still result in higher soot emissions at not-too-late 
injection timings. However, the effect of late injection on soot reduction at high EGR levels 
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become so eminent that using very late injection timings is actually capable of bringing down 
the soot emissions at high EGR rates to a level equivalent to or even lower than that in the 
low EGR case. B40 demonstrates a very different profile. It can be seen from Figure 4.33 that 
soot emission at medium EGR rate appears lower than that at zero EGR when the fuel is 
injected at 6.5 or 8.5 CAD ATDC; and for high EGR cases, soot production drops 
significantly below the level of zero EGR conditions at 2.5 CAD ATDC or later injection 
timings. On the one hand, when 40 vol% of butanol is added to the engine fuel the energy 
density decreases noticeably so that combustion temperature can be remarkably reduced 
especially at later injection timings. On the other hand, local equivalence ratio is relatively 
lower due to abundant fuel bond oxygen. The combination of low temperature and reduced 
equivalence ratio serves to prohibit soot formation in the early combustion phase. In general, 
low temperature combustion is considered to be attained for all tested fuels when high EGR 
ratio is coupled with very late injection.  
 For medium engine load operation, results are shown in Figure 4.34 through Figure 4.48. 
The engine speed was maintained at 1000 rpm and load at 5 bar bmep. The test map was 
similar to that in the light load case, using various injection timings at zero, medium, and 
high EGR ratios. Note that for medium engine load operation, the EGR ratios applied were 
lower than those in the light load operation, because more oxygen are needed to effectively 
burn the excessive amount of fuel injected to achieve a higher load.  
The overall trends in BSFC under medium engine load, as demonstrated in Figure 4.34 
through Figure 4.38, do not show much difference from those in light load tests. Under 
similar EGR conditions, fuel consumption levels generally goes up as fuel is injected later. 
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Comparing to the light load cases, the variation in BSFC across different EGR ratios appears 
to be less affected by the adjustment of injection timing under medium engine load. For the 
five tested fuels, the BSFC values at medium EGR are very close to those at zero EGR 
regardless of injection timing; also, the increase in BSFC from zero EGR to high EGR levels 
for the same fuel do not show much fluctuation at different injection timings. These are 
different from the observations in light load tests, in which the variation of BSFC across 
different EGR rates for the same fuel is larger for late injection timings than for earlier 
timings.  
Brake specific NOx emissions for the tested fuels under medium load are illustrated in 
Figure 4.39 through Figure 4.43. All trends in NOx emissions in medium load tests are very 
much similar to those in light load conditions. The only difference lies in the range of NOx 
emissions in gram per kilowatt hour. For the light load tests, this range is 0.074 to 4.126 
g/kWh for B0, 0.053 to 3.136 g/kWh for B10, 0.016 to 3.708 g/kWh for B20, 0.041 to 3.749 
g/kWh for B30, and 0.007 to 4.602 g/kWh for B40. Basically, under light load operation 
when high EGR rates are applied, the NOx emissions can be held at near zero values. While 
for the medium load tests, this range is 0.317 to 4.223 g/kWh for B0, 0.231 to 4.976 g/kWh 
for B10, 0.372 to 4.844 g/kWh for B20, 0.303 to 4.622 g/kWh for B30, and 0.278 to 5.105 
g/kWh for B40. In general, medium load operation produces higher brake specific NOx than 
does light load operation.  
 The soot emission levels for B0 through B40 under medium load operation are shown in 
Figure 4.44 through Figure 4.48. Following the analysis in low load tests, the enhanced soot 
emission at high EGR rates can be reduced by using late injection strategy, which helps 
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achieve a low temperature combustion mode. However, for medium load tests, as more fuel 
has been injected, soot at high EGR ratios cannot be lowered to the level of zero EGR cases 
even for the latest injection timings, and this is held true for any of the five tested fuels. As 
expected, the soot emissions from medium load tests are higher than those from light load 
conditions. The range of soot filter smoke number under light load operation is 0.162 to 0.647 
for B0, 0.104 to 0.503 for B10, 0.120 to 0.421 for B20, 0.064 to 0.348 for B30, and 0.027 to 
0.122 for B40. While this range under medium load operation is 0.364 to 1.175 for B0, 0.262 
to 1.136 for B10, 0.213 to 0.806 for B20, 0.163 to 0.657 for B30, and 0.109 to 0.668 for B40. 
One important observation with the use of butanol-diesel blends is that exhaust gas 
recirculation does not increase soot emission very significantly as it does with the use of pure 
diesel. In other words, butanol-diesel blends have better toleration of EGR in terms of 
controlling soot emission level. For example, under medium load, the highest soot filter 
smoke number found for B0 at 26% EGR is 1.175, for B10 at 31% EGR is 1.136, for B20 at 
23% EGR is 0.806, for B30 at 25% EGR is 0.657, and for B40 at 32% EGR is 0.668. As can 
be seen, B10 shows an equivalent soot level with B0, but the EGR ratio used in B10 is higher 
than that used in B0; B20 indicates a 31.40% reduction in soot compared with B0 at 
equivalent EGR ratios, and B30 reports a 44.09% reduction; in the case of B40, it utilizes a 
higher EGR rate than does B30, but the soot emission levels of the two are equivalent. 
Therefore, higher EGR ratios can be applied to fuels with higher butanol content in order to 
further reduce NOx emissions, without necessarily increasing soot production.   
 
4.4.2  Soot-NOx and BSFC-NOx trade-offs 
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 Research studying a single type of pollutant is beneficial in terms of better understanding 
the principles and mechanisms of the formation of that pollutant, whereas simultaneous 
control of multiple emissions and engine performance is important from a more application 
focused standpoint. The trade-offs of soot-NOx and BSFC-NOx for B0 through B40 under all 
test conditions are demonstrated in Figure 4.49 through Figure 4.68. The blue diamond 
markers, red square markers, and green triangle markers indicate zero, medium, and high 
EGR testing conditions respectively, using various injection timings. The purple X markers 
indicate testing conditions of EGR change at ECM default start of injection. While the 
injection timings utilized are not illustrated in the legends, the brake specific NOx emissions 
can be used as a reference to differentiate injection timings under same EGR ratios. Higher 
NOx emissions, shown by points more to the right side, typically indicate earlier injection 
timings.  
 For B0 fuel, results are shown in Figure 4.49 through Figure 4.52. The soot-NOx 
trade-off under light load operation is illustrated in Figure 4.49. It can be seen that when EGR 
ratio is increased the data points tend to be shifted left on the graph, indicating that NOx 
emissions can be effectively reduced by applying exhaust gas recirculation. However, soot 
emission levels tend to go up when more EGR is added, as demonstrated by the up-left 
shifting of the groups of data points. Figure 4.50 shows the BSFC-NOx trade-off under light 
load operation. It is observed that though later injection timings are capable of offsetting the 
increase in soot induced by high EGR addition, they universally lead to an increase in fuel 
consumption level. Figure 4.51 and Figure 4.52 illustrate the soot-NOx and BSFC-NOx 
trade-offs for B0 under medium load operation. Similar trends are observed with the medium 
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load tests, but since a higher mass of injection is used and relatively lower EGR ratios are 
applied, the effect of injection timing on NOx becomes more obvious, as indicated by a 
broader distribution of data points. When optimizing control strategies for B0, a balance is 
needed in which both emission levels and fuel economy are considered, though the emphases 
may be different in different situations. When focusing on simultaneous control of NOx and 
soot, late injection timing (4.5 CAD ATDC or later for light load, 4 CAD ATDC or later for 
medium load) needs to be coupled with a reasonably high EGR (around 35% to 40% for light 
load, and 20% to 25% for medium load) ratio to achieve a lower temperature combustion 
condition. For example, using late injection under medium and high EGR ratios results in 
data points sitting closer to the bottom-left corner on the soot-NOx graphs. When engine 
performance is emphasized, medium or lower EGR ratios are still needed to maintain NOx at 
an acceptable level, but default or earlier injection timings should be recommended for better 
fuel economy.  
 For B10 fuel, results are shown in Figure 4.53 through Figure 4.56. Light load operation 
trade-offs are illustrated in Figure 4.53 and Figure 4.54. Soot emission appears to be sensitive 
to injection timings at all EGR ratios, and relatively late injections are necessary to keep soot 
at a lower level when medium or high EGR are used for NOx reduction. This, again comes 
with a compromise in brake specific fuel consumption, but the percentage increase in BSFC 
is minor compared to the percentage decrease in soot and NOx. For medium load operation, 
the trade-offs are illustrated in Figure 4.55 through Figure 4.56. Results show that medium 
EGR (around 18%) and default injection timing are recommended for medium engine load. 
Under such control strategy, NOx decreases by more than a half from zero EGR case while 
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soot emission does not increase quite as much, at the same time an optimum BSFC-NOx 
trade-off point can be achieved.   
 For B20 fuel, the trade-offs are shown in Figure 4.57 through Figure 4.60. Different 
profiles are observed between the light load and medium load operation. It is seen that 
varying injection timing at same EGR ratios has more of an effect on soot production under 
light load than under medium load operation. For example, under light engine load the 
variation in soot emission level due to adjustment of injection timing at medium EGR is 
0.089 in filter smoke number, and at high EGR is 0.252; whereas this variation under medium 
engine load is 0.057 for medium EGR, and 0.162 for high EGR, both smaller than the values 
under light load. Therefore, when optimizing the control strategies for B20 at medium load, 
start of injection can be selected more in favor of improving fuel efficiency under similar 
EGR ratios.  
 For B30 fuel, the soot-NOx and BSFC-NOx trade-offs are illustrated in Figure 4.61 
through Figure 4.64. Under light load operation, as seen from Figure 4.61 and Figure 4.62, 
soot and NOx can be both maintained at considerably low levels at high EGR and late 
injection, which suggests the achievement of low temperature combustion, but brake specific 
fuel consumption is increased significantly (above 18%) from the zero EGR default injection 
timing case. In order to obtain a reasonable fuel economy while keeping soot and NOx low 
under light engine load, lower EGR rate (25-30%) and relatively late injection (later than 
default timing) should be used. For medium load, not too much change in soot across 
different injection timings under medium EGR is observed, while under high EGR using late 
injections still knocks off soot by a half from the highest level. But extent to which NOx is 
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decreased become less perceivable when the EGR is increased from medium to high level. 
The variation in BSFC due to change of injection timing under medium load is not as obvious 
as it is in the light load case. One interesting observation is that using early injection under 
medium EGR actually results in BSFC lower than the zero EGR cases. In this sense, for B30 
under medium load, well balanced operating points lie in the use of medium EGR (around 
18%) and early injection timings (earlier than default), through which not only soot and NOx 
are well controlled but satisfactory fuel efficiency is reached.  
 For B40 fuel, results are demonstrated in Figure 4.65 through Figure 4.68. It should be 
mentioned that with the use of 40 vol% of butanol in engine fuel, the soot emission is already 
reduced to a great extent due to the fuel bond oxygen in butanol, therefore emphases should 
be placed on controlling NOx emissions and improving fuel economy. NOx can be reduced 
either by applying EGR or using late injection timing, and fuel economy is typically better at 
low EGR rates and early injection timings. Therefore, for B40 fuel, under both light and 
medium load operating conditions, zero EGR combined with late injection timings (4.5 CAD 
ATDC or later for light load, 4 CAD ATDC or later for medium load), and medium EGR (20% 
or less) coupled with early injection timings (earlier than default), are recommended control 
strategies.  
 All soot-NOx and BSFC-NOx trade-offs for B0 through B40 are summarized in Figure 
4.69 through Figure 4.72. From the soot-NOx trade-offs (Figure 4.69 and Figure 4.71) it can 
be easily seen that for both light load and medium load operation, data points for fuels with 
higher butanol content stay closer to the lower side on the graphs, indicating an obvious 
decrease in soot production level over the entire range of test conditions when more butanol 
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is added. On the other hand, the BSFC-NOx trade-offs (Figure 4.70 and Figure 4.72) indicate 
that with the use of higher butanol blending ratios, results tend to be shifted upward, giving 
an increased fuel consumption. In this sense, when butanol-diesel blends are used as engine 
fuels, there is more latitude in selecting control strategies to reduce NOx and improve fuel 
efficiency, given that soot emission becomes less of a concern especially for high blending 
ratios. 
 
4.5  Combustion characteristics analysis 
The in-cylinder pressure measurement was obtained and apparent heat release rate was 
analyzed to gain a better insight on the combustion characteristics. Pressure of 30 engine 
cycles was recorded for each measurement, and a total of three measurements were taken for 
every testing point. Results shown in this section are averaged values from the total 90 cycles. 
Apparent heat release rate was calculated accordingly based on the first law of 
thermodynamics neglecting the heat transfer effect.  
 
4.5.1  Fuel effect 
 The in-cylinder pressure and apparent heat release rate for B0 through B40 at zero EGR 
and default start of injection are compared in Figure 4.73 through Figure 4.76. It is observed 
for both light load and medium load operation that the first peak of in-cylinder pressure drops 
with the increase in butanol content in the fuel, while the second peak shows slightly higher 
value for higher butanol percentage. Looking at the apparent heat release rate plots, it is 
found that the amount of energy released in pilot injection stays at lower levels for fuels with 
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higher butanol content, which confirms the drop of first peak on the in-cylinder pressure plots. 
Since butanol has a lower cetane number compared to diesel, the temperature and pressure 
environment during pilot injection may not favor combustion of high butanol content fuels. 
Also, only about 10% of the fuel is injected through pilot injection (the remaining 90% is 
injected through main injection), and the more volatile characteristic of butanol expedites 
evaporation of this small amount of fuel, making the mixture too lean to sustain combustion. 
In terms of the main heat release, different engine loads exhibit different characteristics. For 
light load operation, variation among the five tested fuels is not very obvious, except that 
main heat release rate decays slower as butanol content increases. For medium load operation, 
it can be easily observed that fuels with higher butanol percentage lead to higher peaks in the 
main heat release, suggesting an enhanced fuel-air mixing prior to combustion. On the one 
hand, higher volatility of butanol accounts for faster evaporation of injected fuel jets, which 
facilitates better mixing of fuel and air; on the other hand, lower cetane number of butanol 
extends the ignition delay, making more time available for mixing before combustion. 
However, these effects are not as much obvious for low load operation as they are for 
medium engine load.  
 
4.5.2  Injection strategy effect 
 The main injection timings were varied relative to default values for all tested fuels at 
zero, medium, and high EGR ratios. Results are shown in Figure 4.77 through Figure 4.136. 
The ―0‖ on legend indicates default injection timings, ―-2‖, ―-4‖, and ―-6‖ are 2, 4, and 6 
degrees earlier than the default timings, and ―+2‖,‖+4‖, and ―+6‖ indicate 2, 4, and 6 degrees 
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later than the default timings.  
 While similar trends are found in most testing sets, only representative cases will be 
discussed.  
Figure 4.77 demonstrates the in-cylinder pressure traces obtained from B0 tests at 1000 
rpm 3 bar bmep (light load), with zero EGR ratio and various injection timings. Clearly seen 
is that later start of injection results in lower second peak of in-cylinder pressure, suggesting 
an overall lower combustion temperature. The corresponding heat release rate curves are 
shown in Figure 4.78. As expected, later injection timings lead to later heat release. It should 
be noted that peak heat release rate due to pilot injection is found higher for later timings 
because as the main injection is retarded, pilot injection is postponed as well, resulting in the 
fuel being injected into a hotter environment during pilot injection as the piston moves closer 
to the top dead center. However, the peak of main heat release rate stays roughly at the same 
level under light engine operation with zero EGR regardless of start of injection. Figure 4.79 
and Figure 4.80 illustrate the in-cylinder pressure and heat release rate for B0 at 1000 rpm 5 
bar bmep (medium load), with zero EGR and various injection timings. For this medium load 
operation, trends are basically similar to those observed in light load tests, except that the 
main heat release rate hits a higher peak at later injection timings. This can be explained by 
the increased injection mass and advanced default injection timing at medium load. Higher 
peak of main heat release rate suggests better mixing of fuel and air prior to combustion.  
 Figure 4.81 and Figure 4.82 show the results of light load B0 tests under medium EGR 
ratio (27%) and various injection timings. Comparing the heat release rate profile between the 
zero EGR and the medium EGR cases, it is found that the peaks of main heat release rate are 
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higher for the medium EGR conditions than for the zero EGR tests. This is an indication that 
the addition of EGR serves to extend the ignition delay and allow for more mixing time. It 
can be observed from Figure 4.82 that for medium EGR, +4 and +6 timings (4 and 6 CAD 
later than default) result in lower peaks, slow-rising and slow-decaying profiles in main heat 
release rate, which suggests the combustion phase being shifted too late in the expansion 
stroke. Figure 4.83 and Figure 4.84 demonstrate the in-cylinder pressure and heat release rate 
for B0 under medium load operation with medium EGR (15%) and various injection timings. 
Different from the light load tests, the main heat release rate from medium load operation 
reaches higher peak values and drops off more sharply as later injection timings are applied. 
This is partially due to the lower EGR ratio used in medium load tests compared to the light 
load operation.  
 Figure 4.85 and Figure 4.86 illustrate the light load B0 results under high EGR ratio 
(40%) and various injection timings. It is seen that due to the dilution of high EGR, the +6 
start of injection (6 degrees later than default) fails to sustain robust combustion, as indicated 
by the substantially lower peak of main heat release rate. However, a different scenario is 
found for medium load operation under high EGR ratio (26%), results from which are shown 
in Figure 4.87 and Figure 4.88. The main heat release rate continues hitting higher peak 
values as the start of injection is shifted later, and the profile becomes increasingly sharper. A 
combined effect of increased injection mass, advanced default injection timing, and a lower 
EGR ratio compared to the light load tests accounts for the difference observed with medium 
load tests.  
 For butanol-diesel blends, B10 through B40, in-cylinder pressure and apparent heat 
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release rate results are shown in Figure 4.89 through Figure 4.136. The general trends 
observed from these results are similar to those found with B0 tests. Nevertheless, with the 
increase in butanol content in the fuel, peak values of main heat release rate are increased 
especially for those medium load operating conditions with medium or high EGR levels. This 
is considered as a result of the higher vaporization potential of butanol combined with 
prolonged ignition delay rendering an enhanced mixing prior to combustion. At the same time, 
these characteristics of butanol also lead to decreased peak values of main heat release rate at 
later injection timings compared to the cases with earlier injections, because combustion 
happens later in the expansion stroke and the quenching effect becomes noticeable. 
Particularly, for B40 fuel at high EGR ratios (under both light and medium engine load), 
in-cylinder pressure were not captured for very late injection timings since a significant loss 
of engine torque was observed with these operating conditions.  
 
4.5.3  EGR effect 
 For each fuel tested in this study, the effect of EGR on combustion characteristics was 
investigated through adjusting the manifold oxygen concentrations to obtain different EGR 
ratios at default injection timings.  
 The in-cylinder pressure and apparent heat release rate results from B0 through B40 for 
this part of study are shown in Figure 4.137 through Figure 4.156. Universal trends observed 
from these results are increased EGR ratios lead to reduced peak of in-cylinder pressure; and 
later heat release is obtained with higher EGR levels while the injection timings are held 
constant at default values. The addition of EGR increases the specific heat capacity of intake 
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mixture, therefore pressure and temperature build up slower during the compression stroke 
even though the initial temperature is higher, leading to later ignition of the fuel and 
decreased peak pressure in the cycle. Also found in the results is that increased EGR ratio 
produces higher peak in main heat release until beyond a point when it no longer favors 
complete combustion of the fuel. 
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Chapter 5 
Conclusions and Future Work 
The effects of adding butanol to diesel fuel on engine combustion, performance, and 
emission characteristics have been investigated in this work. A series of steady state engine 
tests were carried out on a common rail direct injection diesel engine equipped with an EGR 
system. The butanol-diesel blending ratio was varied from 0 vol% to 40 vol% with a step of 
10 vol%, and for each blended fuel the influence of EGR and injection timing were studied. 
Both light (3 bar bmep) and medium (5 bar bmep) engine loads were applied in the tests 
while holding the engine speed constant at 1000 rpm.  
 The brake specific fuel consumption is found dependent on the lower heating value of 
the fuel being utilized, as well as on the combustion conditions which can be influenced by 
the fuel-air mixing prior to combustion. Butanol has a lower energy density than diesel fuel, 
but its lower cetane number and higher evaporation potential help enhance the fuel-air mixing. 
The two competing effects control the performance of engine running on butanol-diesel 
blends. Also, adjusting the EGR ratio and injection timing may affect the combustion 
condition, which in turn influences the fuel economy of the engine. As a general trend, lower 
EGR ratios and advanced injection timings are likely to improve engine fuel economy.  
 NOx emissions from exhaust gas are sensitive to combustion temperature and availability 
of oxygen radicals. It is found that butanol-diesel blends with low blending ratios serve to 
decrease NOx emissions compared to pure diesel fuel under light load operation without 
EGR. Not much difference in NOx production levels is observed from medium load tests 
across different blending ratios. The tail pipe NOx emissions can be effectively reduced 
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through adding EGR to the intake manifold or applying later injection timings. But beyond a 
certain point further increase in EGR or further retardation of injection cease to have an 
obviously effect on NOx reduction, and the control strategies need to be selected based on a 
balance in which fuel economy and other emission levels are also considered.  
 Soot emission detected from exhaust gas is seen substantially reduced with the addition 
of butanol to the engine fuel, especially with high butanol-diesel blending ratios. Better soot 
oxidation due to the fuel-bond oxygen of butanol, as well as more premixed controlled 
combustion process due to the higher volatility and lower cetane number of butanol account 
for the decrease in soot emissions. Moreover, since detected soot level is lower for 
butanol-diesel blends, higher EGR ratios can be utilized for further reduction of NOx without 
worsening soot emissions quite as much as the case with pure diesel fuel.  
 The in-cylinder pressure measurement and corresponding heat release rate analysis offers 
an insight on the combustion characteristics of tested cases. At similar start of injection and 
EGR ratios, increased butanol content in the fuel leads to higher peaks in main heat release 
rate particularly under medium load operation, which suggests an enhanced fuel-air mixing 
prior to the start of combustion. For the same fuel at similar operating conditions, higher 
EGR ratios result in later rise and increased peak values of heat release rate due to extended 
ignition delay. But for light load operation, high EGR coupled with very late injections may 
lead to incomplete combustion of the fuel.  
 More investigation can be carried out in the test facility to extend the study in butanol 
combustion and emission characteristics. The injection strategy used in this study is 
universally a small quantity pilot injection coupled with a main injection. However, the 
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engine ECM is capable of 6 separate injections, and the injection quantity in each injection 
can be modified. An interesting study would be adjusting the portion of fuel injected in pilot 
and main injections, as well as using different numbers of injections. Furthermore, simulating 
the Lion engine test conditions in the constant volume combustion chamber using laser 
diagnostics would lead to more in-depth understanding of the combustion profiles as well as 
pollutants formation processes.  
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Tables 
 
Table 2.1: Specifications of gasoline, diesel, methanol, ethanol, and n-butanol [38, 39] 
 Gasoline Diesel Methanol  Ethanol n-Butanol 
Molecular formula C4–C12 C12–C25 CH3OH C2H5OH C4H9OH 
Cetane number 0-10 40–55 3 8 25 
Octane number 80-99 20-30 111 108 96 
Oxygen content (%) – – 50 34.8 21.6 
Density (g/ml)  0.72–0.78 0.82–0.86 0.796 0.790 0.808 
Autoignition temperature (°C) ~300 ~210 470  434  385  
Flash point (°C) at closed cup -45 – -38 65–88 12 8 35 
Lower heating value (MJ/kg) 42.7 42.5  19.9  26.8  33.1  
Boiling point (°C)  25–215 180–230  64.5  78.4  117.7  
Stoichiometric ratio  14.7 14.3  6.49  9.02  11.21  
Latent heating (kJ/kg) at 25°C 380–500 270  1109  904  582  
Flammability limits (%vol.) 0.6–8 1.5–7.6  6.0–36.5  4.3–19  1.4–11.2  
Saturation pressure (kPa) at 38°C 31.01 1.86 31.69  13.8  2.27 
Viscosity (mm
2
/s) at 20°C 0.3-0.8 3–8 0.61 1.20 3.64 
 
  
74 
 
Table 3.1: Ford Lion Engine Specifications 
Engine type V-type, 4-stroke diesel 
Number of Cylinders 6 
Bore x Stroke (mm) 81 x 88 
Displacement Volume (L) 2.7 
Displacement per Cylinder (cm
3
) 453.46 
Clearance Volume (cm
3
) 27.82 
Compression Ratio 17.3:1 
Valves per Cylinder: Intake / Exhaust 2 / 2 
Combustion System Direct Injection 
Induction system Variable Geometry Turbocharger 
Injection System Common Rail 
Injector Type 6 nozzle, Piezoelectric 
Exhaust Gas Recirculation High Pressure, Water-cooled 
 
Table 4.1: Tested fuels on the Ford Lion engine 
Fuel 
Butanol 
(vol%) 
Diesel 
(vol%) 
B0 0 100 
B10 10 90 
B20 20 80 
B30 30 70 
B40 40 60 
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Table 4.2: Test conditions for each tested fuel at each speed and load combination  
B0 
1000 rpm 3 bar bmep 
EGR 0% 20% 27% 32% 40% 42%   
Change of SOI Yes   Yes   Yes     
1000 rpm 5 bar bmep 
EGR 0% 15% 26%         
Change of SOI Yes Yes Yes         
B10 
1000 rpm 3 bar bmep 
EGR 0% 18% 21% 27% 36% 40% 42% 
Change of SOI Yes   Yes       Yes 
1000 rpm 5 bar bmep 
EGR 0% 8% 18% 26% 31%     
Change of SOI Yes   Yes   Yes     
B20 
1000 rpm 3 bar bmep 
EGR 0% 17% 21% 23% 30% 36% 41% 
Change of SOI Yes   Yes       Yes 
1000 rpm 5 bar bmep 
EGR 0% 12% 17% 19% 22% 23%   
Change of SOI Yes   Yes     Yes   
B30 
1000 rpm 3 bar bmep 
EGR 0% 16% 22% 29% 34% 39%   
Change of SOI Yes   Yes     Yes   
1000 rpm 5 bar bmep 
EGR 0% 9% 18% 19% 22% 25%   
Change of SOI Yes   Yes     Yes   
B40 
1000 rpm 3 bar bmep 
EGR 0% 15% 22% 23% 27% 35% 41% 
Change of SOI Yes     Yes     Yes 
1000 rpm 5 bar bmep 
EGR 0% 11% 19% 20% 24% 28% 32% 
Change of SOI Yes     Yes     Yes 
Note: Change of SOI indicates a change to the main injection timing relative to the default  
values. SOI is advanced and also retardarded as far as 6 crank angle degrees using an 
increment of 2 degrees.  
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Figures 
 
Figure 2.1: Typical heat release diagram for direct injection diesel engines [1] 
 
 
Figure 2.2: Schematic of conceptual diesel combustion, proposed by John Dec [2] 
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Figure 2.3: phi- temperature diagram showing different regions of combustion [11] 
 
 
Figure 2.4: Fermentation pathway of butanol from glucose[42] 
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Figure 3.1: Ford Lion engine subsystems [69] 
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Figure 3.2: Air supply and exhaust system for Ford Lion engine [70] 
 
80 
 
 
Figure 3.3: Fuel supply system for Ford Lion engine [70] 
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Figure 3.4: Coolant system for Ford Lion engine [70] 
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Figure 3.5: Starting, motoring, and power absorbing system for Ford Lion engine [69] 
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Figure 3.6: Data acquisition and control system for the Ford Lion engine 
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Figure 3.7: Wiring of thermocouples and transducers [69] 
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Figure 3.8: Ford Lion engine ECM control and management [69] 
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Figure 3.9: Fuel consumption sampling tank for Ford Lion engine 
 
 
Figure 4.1: Brake specific fuel consumption for B0 through B40 at zero EGR ratio, plotted 
against start of main injection, light load 
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Figure 4.2: Brake specific fuel consumption for B0 through B40 at zero EGR ratio, plotted 
against start of main injection relative to ECM default value, light load 
 
 
Figure 4.3: Brake specific NOx emissions for B0 through B40 at zero EGR ratio, plotted 
against start of main injection, light load 
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Figure 4.4: Brake specific NOx emissions for B0 through B40 at zero EGR ratio, plotted 
against start of main injection relative to ECM default value, light load 
 
 
Figure 4.5: Soot emission levels for B0 through B40 at zero EGR ratio, plotted against start of 
main injection, light load 
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Figure 4.6: Soot emission levels for B0 through B40 at zero EGR ratio, plotted against start of 
main injection relative to ECM default value, light load 
 
 
Figure 4.7: Brake specific fuel consumption for B0 through B40 at zero EGR ratio, plotted 
against start of main injection, medium load 
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Figure 4.8: Brake specific fuel consumption for B0 through B40 at zero EGR ratio, plotted 
against start of main injection relative to ECM default value, medium load 
 
 
Figure 4.9: Brake specific NOx emissions for B0 through B40 at zero EGR ratio, plotted 
against start of main injection, medium load 
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Figure 4.10: Brake specific NOx emissions for B0 through B40 at zero EGR ratio, plotted 
against start of main injection relative to ECM default value, medium load 
 
 
Figure 4.11: Soot levels for B0 through B40 at zero EGR ratio, plotted against start of main 
injection, medium load 
 
0
1
2
3
4
5
6
0 -2 -4 -6 2 4 6
B
ra
ke
 S
p
e
ci
fi
c 
N
O
x 
(g
/k
W
h
)
SOI relative to default (CAD)
NOx at Zero EGR
B0
B10
B20
B30
B40
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
-6 -4 -2 0 2 4 6 8 10
So
o
t (
Fi
lt
er
 S
m
o
ke
 N
u
m
b
er
)
SOI (CAD ATDC)
Soot at Zero EGR
B0
B10
B20
B30
B40
92 
 
 
Figure 4.12: Soot levels for B0 through B40 at zero EGR ratio, plotted against start of main 
injection relative to ECM default value, medium load 
 
 
Figure 4.13: Brake specific fuel consumption for B0 through B40 at various EGR ratio using 
default injection timing, light load 
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Figure 4.14: Brake specific NOx emissions for B0 through B40 at various EGR ratio using 
default injection timing, light load 
 
 
Figure 4.15: Soot filter smoke number for B0 through B40 at various EGR ratio using default 
injection timing, light load 
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Figure 4.16: Brake specific fuel consumption for B0 through B40 at various EGR ratio using 
default injection timing, medium load 
 
 
Figure 4.17: Brake specific NOx emissions for B0 through B40 at various EGR ratio using 
default injection timing, medium load 
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Figure 4.18: Soot filter smoke number for B0 through B40 at various EGR ratio using default 
injection timing, medium load 
 
 
Figure 4.19: Brake specific fuel consumption for B0 at zero, medium, and high EGR ratios 
using various injection timings, light load 
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Figure 4.20: Brake specific fuel consumption for B10 at zero, medium, and high EGR ratios 
using various injection timings, light load 
 
 
Figure 4.21: Brake specific fuel consumption for B20 at zero, medium, and high EGR ratios 
using various injection timings, light load 
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Figure 4.22: Brake specific fuel consumption for B30 at zero, medium, and high EGR ratios 
using various injection timings, light load 
 
 
Figure 4.23: Brake specific fuel consumption for B40 at zero, medium, and high EGR ratios 
using various injection timings, light load 
 
280
300
320
340
360
380
400
420
440
460
-5.5 -3.5 -1.5 0.5 2.5 4.5 6.5 8.5 10.5
B
SF
C
 (
g/
kW
h
)
SOI (CAD ATDC)
BSFC for B30
0% EGR
22% EGR
39% EGR
280
300
320
340
360
380
400
420
-5.5 -3.5 -1.5 0.5 2.5 4.5 6.5 8.5 10.5
B
SF
C
 (
g/
kW
h
)
SOI (CAD ATDC)
BSFC for B40
0% EGR
23% EGR
41% EGR
98 
 
 
Figure 4.24: Brake specific NOx emissions for B0 at zero, medium, and high EGR ratios using 
various injection timings, light load 
 
 
Figure 4.25: Brake specific NOx emissions for B10 at zero, medium, and high EGR ratios 
using various injection timings, light load 
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Figure 4.26: Brake specific NOx emissions for B20 at zero, medium, and high EGR ratios 
using various injection timings, light load 
 
 
Figure 4.27: Brake specific NOx emissions for B30 at zero, medium, and high EGR ratios 
using various injection timings, light load 
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Figure 4.28: Brake specific NOx emissions for B40 at zero, medium, and high EGR ratios 
using various injection timings, light load 
 
 
Figure 4.29: Soot filter smoke number for B0 at zero, medium, and high EGR ratios using 
various injection timings, light load 
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Figure 4.30: Soot filter smoke number for B10 at zero, medium, and high EGR ratios using 
various injection timings, light load 
 
 
Figure 4.31: Soot filter smoke number for B20 at zero, medium, and high EGR ratios using 
various injection timings, light load 
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Figure 4.32: Soot filter smoke number for B30 at zero, medium, and high EGR ratios using 
various injection timings, light load 
 
 
Figure 4.33: Soot filter smoke number for B40 at zero, medium, and high EGR ratios using 
various injection timings, light load 
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Figure 4.34: Brake specific fuel consumption for B0 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
 
Figure 4.35: Brake specific fuel consumption for B10 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
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Figure 4.36: Brake specific fuel consumption for B20 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
 
Figure 4.37: Brake specific fuel consumption for B30 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
240
245
250
255
260
265
270
275
280
285
-6 -4 -2 0 2 4 6 8 10
B
SF
C
 (
g/
kW
h
)
SOI (CAD ATDC)
BSFC for B20
0% EGR
17% EGR
23% EGR
240
250
260
270
280
290
300
-6 -4 -2 0 2 4 6 8 10
B
SF
C
 (
g/
kW
h
)
SOI (CAD ATDC)
BSFC for B30
0% EGR
18% EGR
25% EGR
105 
 
 
Figure 4.38: Brake specific fuel consumption for B40 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
 
Figure 4.39: Brake specific NOx emissions for B0 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
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Figure 4.40: Brake specific NOx emissions for B10 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
 
Figure 4.41: Brake specific NOx emissions for B20 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
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Figure 4.42: Brake specific NOx emissions for B30 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
 
 
Figure 4.43: Brake specific NOx emissions for B40 at zero, medium, and high EGR ratios 
using various injection timings, medium load 
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Figure 4.44: Soot filter smoke number for B0 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
 
 
Figure 4.45: Soot filter smoke number for B10 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
-6 -4 -2 0 2 4 6 8 10
So
o
t (
Fi
lt
e
r 
Sm
o
ke
 N
u
m
b
e
r)
SOI (CAD ATDC)
Soot for B0
0% EGR
15% EGR
26% EGR
0
0.2
0.4
0.6
0.8
1
1.2
1.4
-6 -4 -2 0 2 4 6 8 10
So
o
t (
Fi
lt
er
 S
m
o
ke
 N
u
m
b
er
)
SOI (CAD ATDC)
Soot for B10
0% EGR
18% EGR
31% EGR
109 
 
 
Figure 4.46: Soot filter smoke number for B20 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
 
 
Figure 4.47: Soot filter smoke number for B30 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
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Figure 4.48: Soot filter smoke number for B40 at zero, medium, and high EGR ratios using 
various injection timings, medium load 
 
 
Figure 4.49: Soot-NOx trade-off for B0 under light load operation 
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Figure 4.50: BSFC-NOx trade-off for B0 under light load operation 
 
 
Figure 4.51: Soot-NOx trade-off for B0 under medium load operation 
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Figure 4.52: BSFC-NOx trade-off for B0 under medium load operation 
 
 
Figure 4.53: Soot-NOx trade-off for B10 under light load operation 
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Figure 4.54: BSFC-NOx trade-off for B10 under light load operation 
 
 
Figure 4.55: Soot-NOx trade-off for B10 under medium load operation 
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Figure 4.56: BSFC-NOx trade-off for B10 under medium load operation 
 
 
Figure 4.57: Soot-NOx trade-off for B20 under light load operation 
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Figure 4.58: BSFC-NOx trade-off for B20 under light load operation 
 
 
Figure 4.59: Soot-NOx trade-off for B20 under medium load operation 
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Figure 4.60: BSFC-NOx trade-off for B20 under medium load operation 
 
 
Figure 4.61: Soot-NOx trade-off for B30 under light load operation 
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Figure 4.62: BSFC-NOx trade-off for B30 under light load operation 
 
 
Figure 4.63: Soot-NOx trade-off for B30 under medium load operation 
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Figure 4.64: BSFC-NOx trade-off for B30 under medium load operation 
 
 
Figure 4.65: Soot-NOx trade-off for B40 under light load operation 
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Figure 4.66: BSFC-NOx trade-off for B40 under light load operation 
 
 
Figure 4.67: Soot-NOx trade-off for B40 under medium load operation 
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Figure 4.68: BSFC-NOx trade-off for B40 under medium load operation 
 
 
Figure 4.69: Soot-NOx trade-off for B0 through B40 under light load operation  
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Figure 4.70: BSFC-NOx trade-off for B0 through B40 under light load operation 
 
 
Figure 4.71: Soot-NOx trade-off for B0 through B40 under medium load operation 
 
290
310
330
350
370
390
410
430
450
0 1 2 3 4 5
B
SF
C
 (
g/
kW
h
)
Brake Specific NOx (g/kWh)
BSFC-NOx Trade-off
Light Load
B0
B10
B20
B30
B40
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 1 2 3 4 5 6
So
o
t (
Fi
lt
er
 S
m
o
ke
 N
u
m
b
er
)
Brake Specific NOx (g/kWh)
Soot-NOx Trade-off
Medium Load
B0
B10
B20
B30
B40
122 
 
 
Figure 4.72: BSFC-NOx trade-off for B0 through B40 under medium load operation 
 
 
Figure 4.73: In-cylinder pressure for B0 through B40 at zero EGR and default injection timing, 
light load 
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Figure 4.74: Apparent heat release rate for B0 through B40 at zero EGR and default injection 
timing, light load 
 
Figure 4.75: In-cylinder pressure for B0 through B40 at zero EGR and default injection timing, 
medium load 
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Figure 4.76: Apparent heat release rate for B0 through B40 at zero EGR and default injection 
timing, medium load 
 
Figure 4.77: In-cylinder pressure for B0 at zero EGR and various injection timings, light load 
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Figure 4.78: Apparent heat release rate for B0 at zero EGR and various injection timings, light 
load 
 
Figure 4.79: In-cylinder pressure for B0 at zero EGR and various injection timings, medium 
load 
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Figure 4.80: Apparent heat release rate for B0 at zero EGR and various injection timings, 
medium load 
 
Figure 4.81: In-cylinder pressure for B0 at medium EGR and various injection timings, light 
load 
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Figure 4.82: Apparent heat release rate for B0 at medium EGR and various injection timings, 
light load 
 
Figure 4.83: In-cylinder pressure for B0 at medium EGR and various injection timings, 
medium load 
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Figure 4.84: Apparent heat release rate for B0 at medium EGR and various injection timings, 
medium load 
 
Figure 4.85: In-cylinder pressure for B0 at high EGR and various injection timings, light load 
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Figure 4.86: Apparent heat release rate for B0 at high EGR and various injection timings, light 
load 
 
Figure 4.87: In-cylinder pressure for B0 at high EGR and various injection timings, medium 
load 
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Figure 4.88: Apparent heat release rate for B0 at high EGR and various injection timings, 
medium load 
 
Figure 4.89: In-cylinder pressure for B10 at zero EGR and various injection timings, light load 
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Figure 4.90: Apparent heat release rate for B10 at zero EGR and various injection timings, light 
load 
 
Figure 4.91: In-cylinder pressure for B10 at zero EGR and various injection timings, medium 
load 
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Figure 4.92: Apparent heat release rate for B10 at zero EGR and various injection timings, 
medium load 
 
Figure 4.93: In-cylinder pressure for B10 at medium EGR and various injection timings, light 
load 
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Figure 4.94: Apparent heat release rate for B10 at medium EGR and various injection timings, 
light load 
 
Figure 4.95: In-cylinder pressure for B10 at medium EGR and various injection timings, 
medium load 
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Figure 4.96: Apparent heat release rate for B10 at medium EGR and various injection timings, 
medium load 
 
Figure 4.97: In-cylinder pressure for B10 at high EGR and various injection timings, light load 
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Figure 4.98: Apparent heat release rate for B10 at high EGR and various injection timings, light 
load 
 
Figure 4.99: In-cylinder pressure for B10 at high EGR and various injection timings, medium 
load 
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Figure 4.100: Apparent heat release rate for B10 at high EGR and various injection timings, 
medium load 
 
Figure 4.101: In-cylinder pressure for B20 at zero EGR and various injection timings, light 
load 
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Figure 4.102: Apparent heat release rate for B20 at zero EGR and various injection timings, 
light load 
 
Figure 4.103: In-cylinder pressure for B20 at zero EGR and various injection timings, medium 
load 
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Figure 4.104: Apparent heat release rate for B20 at zero EGR and various injection timings, 
medium load 
 
Figure 4.105: In-cylinder pressure for B20 at medium EGR and various injection timings, light 
load 
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Figure 4.106: Apparent heat release rate for B20 at medium EGR and various injection timings, 
light load 
 
Figure 4.107: In-cylinder pressure for B20 at medium EGR and various injection timings, 
medium load 
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Figure 4.108: Apparent heat release rate for B20 at medium EGR and various injection timings, 
medium load 
 
Figure 4.109: In-cylinder pressure for B20 at high EGR and various injection timings, light 
load 
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Figure 4.110: Apparent heat release rate for B20 at high EGR and various injection timings, 
light load 
 
Figure 4.111: In-cylinder pressure for B20 at high EGR and various injection timings, medium 
load 
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Figure 4.112: Apparent heat release rate for B20 at high EGR and various injection timings, 
medium load 
 
Figure 4.113: In-cylinder pressure for B30 at zero EGR and various injection timings, light 
load 
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Figure 4.114: Apparent heat release rate for B30 at zero EGR and various injection timings, 
light load 
 
Figure 4.115: In-cylinder pressure for B30 at zero EGR and various injection timings, medium 
load 
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Figure 4.116: Apparent heat release rate for B30 at zero EGR and various injection timings, 
medium load 
 
Figure 4.117: In-cylinder pressure for B30 at medium EGR and various injection timings, light 
load 
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Figure 4.118: Apparent heat release for B30 at medium EGR and various injection timings, 
light load 
 
Figure 4.119: In-cylinder pressure for B30 at medium EGR and various injection timings, 
medium load 
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Figure 4.120: Apparent heat release rate for B30 at medium EGR and various injection timings, 
medium load 
 
Figure 4.121: In-cylinder pressure for B30 at high EGR and various injection timings, light 
load 
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Figure 4.122: Apparent heat release rate for B30 at high EGR and various injection timings, 
light load 
 
Figure 4.123: In-cylinder pressure for B30 at high EGR and various injection timings, medium 
load 
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Figure 4.124: Apparent heat release rate for B30 at high EGR and various injection timings, 
medium load 
 
Figure 4.125: In-cylinder pressure for B40 at zero EGR and various injection timings, light 
load 
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Figure 4.126: Apparent heat release for B40 at zero EGR and various injection timings, light 
load 
 
Figure 4.127: In-cylinder pressure for B40 at zero EGR and various injection timings, medium 
load 
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Figure 4.128: Apparent heat release rate for B40 at zero EGR and various injection timings, 
medium load 
 
Figure 4.129: In-cylinder pressure for B40 at medium EGR and various injection timings, light 
load 
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Figure 4.130: Apparent heat release rate for B40 at medium EGR and various injection timings, 
light load 
 
Figure 4.131: In-cylinder pressure for B40 at medium EGR and various injection timings, 
medium load 
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Figure 4.132: Apparent heat release rate for B40 at medium EGR and various injection timings, 
medium load 
 
Figure 4.133: In-cylinder pressure for B40 at high EGR and various injection timings, light 
load 
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Figure 4.134: Apparent heat release rate for B40 at high EGR and various injection timings, 
light load 
 
Figure 4.135: In-cylinder pressure for B40 at high EGR and various injection timings, medium 
load 
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Figure 4.136: Apparent heat release rate for B40 at high EGR and various injection timings, 
medium load 
 
Figure 4.137: In-cylinder pressure for B0 at default start of injection with various EGR ratios, 
light load 
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Figure 4.138: Apparent heat release rate for B0 at default start of injection with various EGR 
ratios, light load 
 
Figure 4.139: In-cylinder pressure for B0 at default start of injection with various EGR ratios, 
medium load 
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Figure 4.140: Apparent heat release rate for B0 at default start of injection with various EGR 
ratios, medium load 
 
Figure 4.141: In-cylinder pressure for B10 at default start of injection with various EGR ratios, 
light load 
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Figure 4.142: Apparent heat release rate for B10 at default start of injection with various EGR 
ratios, light load 
 
Figure 4.143: In-cylinder pressure for B10 at default start of injection with various EGR ratios, 
medium load 
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Figure 4.144: Apparent heat release rate for B10 at default start of injection with various EGR 
ratios, medium load 
 
Figure 4.145: In-cylinder pressure for B20 at default start of injection with various EGR ratios, 
light load 
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Figure 4.146: Apparent heat release rate for B20 at default start of injection with various EGR 
ratios, light load 
 
Figure 4.147: In-cylinder pressure for B20 at default start of injection with various EGR ratios, 
medium load 
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Figure 4.148: Apparent heat release rate for B20 at default start of injection with various EGR 
ratios, medium load 
 
Figure 4.149: In-cylinder pressure for B30 at default start of injection with various EGR ratios, 
light load 
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Figure 4.150: Apparent heat release rate for B30 at default start of injection with various EGR 
ratios, light load 
 
Figure 4.151: In-cylinder pressure for B30 at default start of injection with various EGR ratios, 
medium load 
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Figure 4.152: Apparent heat release rate for B30 at default start of injection with various EGR 
ratios, medium load 
 
Figure 4.153: In-cylinder pressure for B40 at default start of injection with various EGR ratios, 
light load 
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Figure 4.154: Apparent heat release rate for B40 at default start of injection with various EGR 
ratios, light load 
 
Figure 4.155: In-cylinder pressure for B40 at default start of injection with various EGR ratios, 
medium load 
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Figure 4.156: Apparent heat release rate for B40 at default start of injection with various EGR 
ratios, medium load 
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Appendix 
Appendix A: Test specifications 
 
B0 1000 rpm 3 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -15.88 2.47 0 1.19 11.52 64 
21% -17.63 0.51 -2 1.19 11.56 64 
21% -19.79 -1.45 -4 1.19 11.56 64.5 
21% -21.73 -3.41 -6 1.19 11.62 65 
21% -13.87 4.46 2 1.19 11.58 64 
21% -11.89 6.43 4 1.19 11.61 63.5 
21% -9.91 8.42 6 1.19 11.59 62 
19% -15.86 2.47 0 1.19 11.6 64 
17% -15.84 2.47 0 1.2 11.68 63.5 
15% -15.85 2.48 0 1.2 11.61 63 
18% -15.89 2.47 0 1.19 11.49 63.5 
18% -17.8 0.51 -2 1.2 11.67 64 
18% -19.75 -1.46 -4 1.2 11.73 66 
18% -21.74 -3.44 -6 1.2 11.74 66.5 
18% -13.81 4.49 2 1.2 11.74 62.5 
18% -11.82 6.46 4 1.2 11.75 62.5 
18% -9.81 8.47 6 1.2 11.76 60 
15% -15.82 2.47 0 1.2 11.73 63 
15% -17.78 0.5 -2 1.2 11.73 64 
15% -19.76 -1.47 -4 1.2 11.72 64 
15% -21.75 -3.46 -6 1.2 11.72 64 
15% -13.8 4.49 2 1.2 11.72 61.5 
15% -11.83 6.45 4 1.2 11.73 58 
15% -9.81 8.47 6 1.2 11.73 51.5 
 
  
173 
 
 
B0 1000 rpm 5 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -16.14 2.11 0 1.36 16.07 109 
21% -18.14 0.11 -2 1.36 16.14 110 
21% -20.1 -1.86 -4 1.36 16.15 111 
21% -22.08 -3.83 -6 1.37 16.16 112 
21% -14.16 4.08 2 1.37 16.16 107 
21% -12.19 6.05 4 1.37 16.16 105 
21% -10.19 8.05 6 1.37 16.16 101.5 
19% -16.11 2.13 0 1.36 16.13 108 
17% -16.11 2.13 0 1.37 16.15 102 
17% -18.14 0.1 -2 1.36 16.15 104 
17% -20.11 -1.87 -4 1.37 16.16 105 
17% -22.09 -3.84 -6 1.36 16.15 104 
17% -14.16 4.08 2 1.37 16.16 98 
17% -12.18 6.06 4 1.37 16.17 95 
17% -10.17 8.06 6 1.37 16.16 92 
18.50% -16.11 2.13 0 1.36 16.12 108 
18.50% -18.14 0.1 -2 1.36 16.09 109 
18.50% -20.11 -1.86 -4 1.36 16.13 109.5 
18.50% -22.08 -3.84 -6 1.36 16.13 110.5 
18.50% -14.16 4.08 2 1.36 16.13 107.5 
18.50% -12.19 6.05 4 1.36 16.11 104 
18.50% -10.18 8.06 6 1.36 16.12 102 
 
  
174 
 
 
B10 1000 rpm 3 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -15.96 2.5 0 1.16 11.36 64 
21% -17.88 0.51 -2 1.18 11.36 64 
21% -19.85 -1.46 -4 1.18 11.36 65 
21% -21.82 -3.42 -6 1.18 11.35 65 
21% -13.93 4.47 2 1.18 11.31 63 
21% -11.97 6.43 4 1.17 11.31 62.5 
21% -9.97 8.44 6 1.17 11.31 60 
19% -15.92 2.48 0 1.17 11.31 64.5 
18% -15.93 2.49 0 1.17 11.25 63 
16.50% -15.89 2.49 0 1.18 11.42 62.5 
15.50% -15.89 2.49 0 1.18 11.41 62.5 
15% -15.93 2.49 0 1.17 11.28 61 
15% -17.88 0.51 -2 1.18 11.37 61.5 
15% -19.86 -1.47 -4 1.18 11.36 62 
15% -21.83 -3.45 -6 1.18 11.39 63 
15% -13.89 4.49 2 1.18 11.39 59 
15% -11.91 6.46 4 1.18 11.42 57 
15% -9.91 8.47 6 1.18 11.38 48 
18.50% -15.88 2.49 0 1.18 11.46 63 
18.50% -17.87 0.5 -2 1.18 11.42 64 
18.50% -19.85 -1.47 -4 1.18 11.43 64 
18.50% -21.81 -3.44 -6 1.18 11.42 64.5 
18.50% -13.9 4.48 2 1.18 11.39 61 
18.50% -11.92 6.45 4 1.18 11.41 60 
18.50% -9.91 8.47 6 1.18 11.43 57 
 
  
175 
 
 
B10 1000 rpm 5 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -16.34 2.01 0 1.37 16.61 109 
21% -18.36 0.01 -2 1.38 16.64 110 
21% -20.32 -1.96 -4 1.38 16.69 113 
21% -22.31 -3.95 -6 1.38 16.68 113 
21% -14.38 3.99 2 1.38 16.7 108 
21% -12.4 5.96 4 1.38 16.7 107 
21% -10.42 7.94 6 1.38 16.7 105 
19.50% -16.31 2.05 0 1.38 16.65 109 
18% -16.29 2.06 0 1.38 16.67 108 
16.50% -16.29 2.06 0 1.38 16.67 104.5 
15% -16.28 2.06 0 1.38 16.65 98 
15% -18.06 0.28 -2 1.38 16.65 96 
15% -20.31 -1.96 -4 1.38 16.66 97 
15% -22.3 -3.96 -6 1.38 16.66 97.5 
15% -14.35 3.99 2 1.38 16.64 92 
15% -12.38 5.96 4 1.38 16.65 91 
15% -10.39 7.95 6 1.38 16.64 89 
18% -16.29 2.06 0 1.38 16.67 108 
18% -18.34 0.01 -2 1.38 16.68 106 
18% -20.31 -1.95 -4 1.38 16.68 108 
18% -22.3 -3.95 -6 1.38 16.67 109 
18% -14.37 3.98 2 1.38 16.69 104 
18% -12.4 5.96 4 1.38 16.68 102 
18% -10.43 7.94 6 1.38 16.69 100 
 
  
176 
 
 
B20 1000 rpm 3 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -15.88 2.49 0 1.18 11.45 64 
21% -17.86 0.5 -2 1.18 11.44 64.5 
21% -19.84 -1.46 -4 1.18 11.39 64 
21% -21.81 -3.41 -6 1.18 11.32 63 
21% -13.95 4.46 2 1.17 11.28 62.5 
21% -11.98 6.43 4 1.17 11.29 60.5 
21% -9.98 8.43 6 1.17 11.29 59 
19% -15.93 2.48 0 1.17 11.28 63.5 
18% -15.92 2.49 0 1.17 11.28 62.5 
17% -15.92 2.49 0 1.17 11.28 61.5 
16% -15.9 2.49 0 1.18 11.37 61.5 
15% -15.89 2.49 0 1.18 11.38 61.5 
15% -17.87 0.5 -2 1.18 11.42 63 
15% -19.85 -1.47 -4 1.18 11.4 64 
15% -21.83 -3.46 -6 1.18 11.39 64 
15% -13.89 4.49 2 1.18 11.39 60 
15% -11.91 6.46 4 1.18 11.42 55 
15% -9.92 8.46 6 1.18 11.41 47 
18.50% -15.87 2.49 0 1.19 11.49 63 
18.50% -17.86 0.5 -2 1.18 11.47 64 
18.50% -19.83 -1.47 -4 1.18 11.45 64 
18.50% -21.81 -3.45 -6 1.18 11.45 64 
18.50% -13.89 4.48 2 1.18 11.42 62 
18.50% -11.93 6.44 4 1.18 11.4 60 
18.50% -9.94 8.44 6 1.18 11.39 58 
 
  
177 
 
 
B20 1000 rpm 5 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -16.45 1.96 0 1.38 16.89 114 
21% -18.44 -0.04 -2 1.38 16.9 115 
21% -20.38 -1.97 -4 1.38 16.92 116 
21% -22.36 -3.94 -6 1.38 16.95 117 
21% -14.45 3.97 2 1.38 16.96 114 
21% -12.47 5.94 4 1.38 16.96 112 
21% -10.49 7.92 6 1.38 16.97 109 
19% -16.38 2.03 0 1.38 16.95 114.5 
18% -16.38 2.03 0 1.38 16.96 112.5 
17.50% -16.38 2.03 0 1.38 16.97 110 
17% -16.38 2.03 0 1.38 16.95 108.5 
17% -18.4 0.01 -2 1.38 16.95 109 
17% -20.36 -1.95 -4 1.38 16.95 111 
17% -22.36 -3.94 -6 1.38 16.95 112 
17% -14.43 3.98 2 1.38 16.94 108 
17% -12.46 5.84 4 1.37 16.95 106 
17% -10.48 7.93 6 1.38 16.95 103.5 
18.50% -16.44 1.96 0 1.38 16.87 111 
18.50% -18.44 -0.03 -2 1.38 16.89 113 
18.50% -20.37 -1.97 -4 1.38 16.91 115.5 
18.50% -22.35 -3.94 -6 1.38 16.95 118.5 
18.50% -14.44 3.98 2 1.38 16.94 114 
18.50% -12.46 5.95 4 1.38 16.95 113 
18.50% -10.49 7.92 6 1.38 16.96 110 
 
  
178 
 
 
B30 1000 rpm 3 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -15.85 2.45 0 1.2 11.74 64 
21% -17.77 0.51 -2 1.2 11.76 64.5 
21% -19.72 -1.43 -4 1.2 11.77 65 
21% -21.67 -3.39 -6 1.2 11.77 64 
21% -13.86 4.44 2 1.2 11.74 62.5 
21% -11.91 6.38 4 1.2 11.73 61 
21% -9.94 8.36 6 1.2 11.71 60 
19.50% -15.85 2.45 0 1.2 11.72 64 
18.50% -15.84 2.45 0 1.2 11.75 64 
17.50% -15.84 2.45 0 1.2 11.74 62 
16.50% -15.8 2.44 0 1.21 11.94 62 
15.50% -15.74 2.44 0 1.23 12.17 63 
15.50% -17.67 0.51 -2 1.23 12.17 64 
15.50% -19.63 -1.46 -4 1.23 12.2 67 
15.50% -21.61 -3.44 -6 1.23 12.18 67 
15.50% -13.7 4.48 2 1.23 12.18 60.5 
15.50% -11.73 6.44 4 1.23 12.2 56 
15.50% -9.74 8.43 6 1.23 12.22 48 
18.50% -15.78 2.45 0 1.22 11.98 65 
18.50% -17.74 0.52 -2 1.21 11.87 65.5 
18.50% -19.69 -1.43 -4 1.21 11.83 64 
18.50% -21.65 -3.36 -6 1.2 11.77 64 
18.50% -13.84 4.44 2 1.2 11.8 62 
18.50% -11.9 6.38 4 1.2 11.77 60 
18.50% -9.94 8.35 6 1.2 11.76 57 
 
  
179 
 
 
B30 1000 rpm 5 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -16.28 2.03 0 1.37 16.45 108 
21% -18.33 -0.02 -2 1.37 16.46 110 
21% -20.28 -1.97 -4 1.37 16.47 110.5 
21% -22.25 -3.94 -6 1.37 16.48 111 
21% -14.39 3.92 2 1.37 16.48 107 
21% -12.42 5.89 4 1.37 16.48 105 
21% -10.46 7.85 6 1.37 16.47 102 
19.50% -16.26 2.05 0 1.37 16.48 108.5 
18.50% -16.23 2.07 0 1.37 16.38 106.5 
17.50% -16.24 2.07 0 1.37 16.5 107 
16.50% -16.23 2.08 0 1.37 16.52 105 
16.50% -18.31 0.01 -2 1.37 16.56 107 
16.50% -20.27 -1.95 -4 1.37 16.56 108 
16.50% -22.27 -3.95 -6 1.37 16.56 108.5 
16.50% -14.34 3.98 2 1.37 16.54 104 
16.50% -12.37 5.96 4 1.37 16.56 101 
16.50% -10.38 7.94 6 1.37 16.55 97 
18% -16.25 2.08 0 1.37 16.56 110 
18% -18.31 0.02 -2 1.37 16.56 112 
18% -20.27 -1.95 -4 1.37 16.56 113 
18% -22.27 -3.94 -6 1.37 16.57 113 
18% -14.35 3.98 2 1.37 16.56 109 
18% -12.38 5.94 4 1.37 16.55 107 
18% -10.4 7.93 6 1.37 16.56 104 
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B40 1000 rpm 3 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -15.85 2.45 0 1.2 11.75 63 
21% -17.78 0.52 -2 1.2 11.74 63.5 
21% -19.72 -1.43 -4 1.2 11.75 64 
21% -21.67 -3.37 -6 1.2 11.73 63.5 
21% -13.86 4.44 2 1.2 11.74 62.5 
21% -11.92 6.38 4 1.2 11.73 61 
21% -9.95 8.35 6 1.2 11.74 60 
19.50% -15.84 2.45 0 1.2 11.76 64 
18.50% -15.83 2.45 0 1.2 11.8 64 
17.50% -15.82 2.45 0 1.21 11.82 62.5 
16.50% -15.8 2.45 0 1.21 11.88 60 
15.50% -15.77 2.46 0 1.22 12.01 57 
18% -15.85 2.45 0 1.2 11.71 63 
18% -17.76 0.52 -2 1.2 11.78 63.5 
18% -19.67 -1.42 -4 1.21 11.91 65 
18% -21.6 -3.37 -6 1.22 11.99 66 
18% -13.79 4.44 2 1.21 11.96 62 
18% -11.85 6.39 4 1.21 11.96 59.5 
18% -9.9 8.35 6 1.21 11.91 57 
15% -15.82 2.45 0 1.22 11.92 53.5 
15% -17.68 0.54 -2 1.22 12.03 57 
15% -19.6 -1.41 -4 1.22 12.12 59 
15% -21.56 -3.37 -6 1.23 12.13 62.5 
15% -13.74 4.45 2 1.23 12.14 52 
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B40 1000 rpm 5 bar bmep 
Manifold O2 SOI (CAD ATDC) SOI Relative Injection Mass (mg/stk) Torque 
Concentration Pilot Main to Default Pilot Main (Nm) 
21% -16.27 2.04 0 1.37 16.44 108 
21% -18.32 -0.02 -2 1.37 16.44 108.5 
21% -20.27 -1.96 -4 1.37 16.44 109 
21% -22.24 -3.93 -6 1.37 16.46 108 
21% -14.39 3.91 2 1.37 16.45 106 
21% -12.44 5.87 4 1.37 16.45 105 
21% -10.48 7.83 6 1.37 16.46 101 
19% -16.26 2.05 0 1.37 16.46 108 
18% -16.24 2.07 0 1.37 16.47 107.5 
17% -16.23 2.08 0 1.37 16.51 106.5 
16% -16.24 2.08 0 1.37 16.54 104 
14% -16.23 2.08 0 1.37 16.53 96 
15% -16.22 2.09 0 1.37 16.5 100 
15% -18.29 0.01 -2 1.37 16.51 102 
15% -20.26 -1.95 -4 1.37 16.49 102.5 
15% -22.26 -3.95 -6 1.37 16.49 103 
15% -14.32 3.99 2 1.37 16.49 96.5 
15% -12.34 5.96 4 1.37 16.51 93.5 
15% -10.37 7.94 6 1.37 16.51 88.5 
17.50% -16.25 2.08 0 1.37 16.56 109 
17.50% -18.31 0.01 -2 1.37 16.56 110 
17.50% -20.27 -1.95 -4 1.37 16.56 111 
17.50% -22.27 -3.94 -6 1.37 16.55 111 
17.50% -14.35 3.98 2 1.37 16.56 107 
17.50% -12.37 5.95 4 1.37 16.56 104 
17.50% -10.39 7.93 6 1.37 16.57 103 
 
 
